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ABSTRACT 

Research on the health effects of oxides of nitrogen 
and on the role of oxides of nitrogen in producing photochemical smog 
effects is presented in this report* ^ Prepared by the California State 
Department of Public Health at the request of the state Legislature, 
it gives a ccHnprehensive review of available infpmatiopi, as well as 
tte need for air quality and motor vehicle emission standard ^or 
oxides of nitrogen. Chapters are titled: The Oxides of Nitrc^ and 
Tteir Formatlcm, Oxides of Nitrogen from Motor Vehicles, Oxid«ss of 
Nitrogen from stati<mary sources. Increases in Oxides of Nitrogen 
Emissions, Oxides of Nitrogen in the Atmosphere, Color Effecrs of 
Nitrogen Dioxide in the Atm^^ere, Phytotoxicity of Nitrogen 
Dic^ide, Photochemical Effects of Nitrogen Oxides, and Biologic 
Effects of Nitrogen Dioxide.— Summary stat^iiants indicate that oxides 
of nitrogen play an important role in California's air polluti<» 
problems. Also, sAice increases in oxides of nitrogen emissiQns and 
nitrogen dioxide concentrations are expected, it is important to 
ccmsider the direct effects of nitrogen dioxide on health, 
vegetation, and color of the atmosphere, as well as the photo<^emical 
smog effects « Numerous charts, diagrams, and figures are used to 
sui^rt the data. . (BL) 
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INTRODUCTION 



Oxides of nitrosen pl&7 an iaportant role i.i C&llfoxnla's air pollution 
picbloB* They ars e. «<c.tlal ingradiante in the fonation of photoehedH 
ieal air pollution, the aca^^wc chain reaction which produces aa»g 
mariifestations is initiati^ ^ the photoljeis of nitrogen dioxide. If 
present in sufficient asiouatSj nitrogen dioxide is toxic to taoBans and 
▼egetaUon. Itoder somo conditions, it iqparts a reddish-brom color to 
the ataospbwre. 

The State Departanxt of Public Health has coBtlnoally supported, con- 
ducted, and uxged others to conduct, research on the health eff acts of 
oxides of nitrogen and on the role of oxides of nitrogen in producing 
the photoch«Eiieal mog effects. It has retained eonsultsnts and has 
soug^it the advice of recognised ncperts on health and other effects and 
on the fliiog reaction. It has coatimially reviewsd and evaluated all 
pertinent infomation on oxides of nitrogen and has consulted vith its 
Advisory CoBittee on all developmnts. 

With the establi^Beat of its ?ehicle Pollution Laberatoiy in Los iogeles, 
the DepartBent has greatly incrMsed its studies of nitrogen oxide 
missions froB Yehidee and of the oddes of idtrogen - l^drocarton 
reaction* 

In 1964 the SUte Board of Public Health adopted a resolution stating 
that, in its opinion, osddes of nitron staadards for antcaobile odutust 
onissions were JMsded. As a result, the Board instructed the Separtaeot 
of Public Health to prepare a report on th» subject and indicated its 
intention of oonsidwing such standards after revieMliig the report. 

Later, in June 1965« the State Legislature passed a resolution calling 
upon the D^sartaent to establish standards fbr oxides of nitrogen as 
found necessary for the "pxotectioQ of the public health and well-being"* 
It also directed that a progress report be aubaitted hy the Deptot- 
■ent in July 1965 to the Senate fact Finding CoMittee on Transport*- 
tion and Public Utilities and the AssosUy Interia CoMittee on Trans- 
porUtion and GoKereei to the Motor Fehiele PbUation Control Board oa 
Dee«c3ber 1, 1965| and. to the «.<gislature on or before the ilfth day of 
the 1966 Budget Session. 

This report, "The Obddes of Kitrogan in Air BoUutioo", has been pre- 
pared is compliance with these requests. In it is presanted a coi^re- 
haasive review of the available iaftraation upra wbi^ can be based a 
sound Jud^aant on the netd for air quality and aotor Tsbiele aalssioD 
standards for oxidea of nitrogen. 
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The report haa dratm freely trom meny aoureee mad includes eontrlbu^ 
tione from eever&l experts. Mblle it gratefully adcnowledges all 
assistance^ the Departnent accepts full responsibility for the inter-- 
pretation of the data and for the opinions expressed here. 
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CONCLUSIONS AND RECOMMENDATIONS 

y 

Oxides of nitrogm play an icport&nt role in California's air pollution 
and so must be taken into account in any pre ^am of setting standards 
for anbient air qualify and motor vehicle enissions. If present in 
sufficient quantii&ies^ nitrogen dioxide can be injurious to health, dsn* 
age vegetation^ and iapart an \ur«desirable color to the e^Moaphere* 

Nitrogen oxides ar3 foned during eos^bustion processes* I^mer plants, 
internal combustion engines, space heaters, water beaters^ and irjdustrial 
processes cosprise the iiaportant sources of these gases. The relative 
contribution of oxides of nitroger trosk notor vehicles and non-nrehicular 
so\irces varies Aram coBiAinity to co«ttmity« In heavily industrialised 
metropolitan areas, iiAiere there are Uienial power plants, motor vehicles 
«dt f ropft 50 to 60 percent of the total oxides of nitrogen in the atmos- 
phere*/ln non-industrialized urban areas, and in the jU^^ce of thermal 
poweryplants, the contribution from motor vdiides may be as high as 90 
percept • 

Ihe highest c(»)centrations of oxides of nitrogen (nitric oxidf plus nitro- 
gen dioxide) in Califoinia have besn measursd in Los Aqgeles County. One 
part per million has been ^ce^ed mai^ times, and the »ffTd^^ recorded 
eoncentraticm has been 3*9 parts per million. Los i^des has also had 
the hii^iest recorded concentrsti<ms of nitrogen dioxide in the State, 0.5 
part per million l.aving been exceeded ms^ times md 1 part per million 
having been exceeded on occasion. 

Oxides of nitrogen emissions are related to fUel oonsuBption stkI the 
number of motor v^icles. These emissj^ns for the State as a vAiole are 
esqpected to almost double 1930; ir4 the more rapidly growing areas th^ 
will icore than double* Also, hs^rocarbou control may cause an in^ease 
in the time-concentration exposure of nitrogen dioxide* Ibe expected 
increases in oxides of nitrog^ emissions and nitrogen dioxide concmtra* 
tions make it important to a>nsider the direct effects of nitrogen dioxide 
on health, vegetation, and color of the atmosphere, as well as the ftioto- 
chmnical smog eff^s* 

The effects of oxides of nitrogen in air pollutim are swrnarized as 
follMTs: tShese effects, singly or in comblnatimi, can be ussd as the 
basis for ambient air iiiiality standards* 

BIOLOGICA;. d31i^':^ - The infomation available on toxicity of nitric 
oxide indicates that it is less toxic than nitrogm dioxide and 
that an anbient air quality standard based on the health effects of 
nitzdc oxice not be established at this time* Nitrog#i dioxide, 
howler, is ii^or^^xic, and its effect on the health of man and 
animals is of greater concez^i* Thus, aobioit air quality standards 
for nitrogen cioxide are reoomm^ded* 4 

♦ 



iii 



A "serious Ier«l* aabient air quality standard for nitrogen dioxide 
at 3 parts per million for one hour vas reooMMmted the Oepart- 
■ent*s eonflultants. The ooneentration of 3 parts per aillxon is 
not as finely sui^rted toy scientific data as wuld be desired by 
the Oepartaent and its OMisultants. It is, however, the best value 
that can be established at this tiae. In Baking their z«e<»menda- 
tions, the oonmltaats stressed the need of additional researdi on 
the hMlth effects of oxides of nitrogen. 

The reeosMBded st^idard is for acute eaqsosures; it does not include 
co n si de rations for tte effect of prolM^ged exposures to lov owtieen- 
tratioos. Llalten studies have sbowr ttet proloxtged exposures to 
nitrogen dioxide at 0.5 ^ 1.0 part per Million can be <Mraaental 
to health of eni> a ls. However, the data is not considered adequate 
fbr estaUiahii^ a s^adanl based on loog-teim effects at this time. 

mrtSmaiC imCIS op SnSOCai anozm - Oata on pt^totoxle effects 
M»d i^a f ttaat e^nsure to 2-3 parte per ■illlon of nitrogen dioxide 
■ay cnse aate l iM i ^i i to eeiaitlve plants. There is also evidence 
thiA long tern toBptmsm t? ttj at eMie^rati«is bekw 1 ^rt per 
■ill l e a My iMd to f^mtOi aupprea riy^, dilorMley and p^uips pre- 
mataam ehe r lesteii of leaves. Sqasiires to 1 pait per ailliui nitz9- 
gm dioxide lS»r hoars will ppodaee stgiirtficsnt growth redue- 
t&OB, eaqMssad as txmto and ^ wei^, idtb ao viaiM lesions. 

O0ii» * TIOi OIBCIS - mxxogm dioxide aheerte UgHt in both the 
lOtiwriols* md wixJtHm epeetn. In auffieisBi eoaeentrtttione it 
idll rsdaes tta hut^feaeee and iiim esntrut of distant objects and 
will impart a yal lpw Inqsa color to the horisoo a^ tmA distant 
«diit« objeets. IKe coloration effects mcB even nore noticeable as 
tke oaatar of aetusul s in tiie atooyhwe decreases. 

SA Ins iMm esyjaated that^ at 0.25 part per Billion, on a day 
wlw tiw visiMlity is 20 ailes, the color effect on objects at 10 
Biles distant will be objectionable to the public. 

The < WB a iitraT.f o n of 0.2$ part per Billion nitrogen dioxide is lower 
thaa thB enacit ration that would be established in a sUndard based 
cm phytotoxie effeet. It is beUeved that a standard of 0.25 part 
per BiUioB swOd pweot possible plant daaage fcgr nitrogen dioxide. 
In adiitiaii, the available indleatea ^t 0.25 part per Billion 
is lamr t^ .ce eoneentraUMS at idiieh eff eets on health wuld 
be iiiiiaiif ail txtm ppolMged exposures to tlds gas* 

FHOHOaaOQIL am unsOB - Ihere is agre«B«it mm individuals 
e«g«gad in pi^toeneBieal saog studies on the need to control hydro- 
eaiteA J irtaMlftfit . Vith respeet to o^ddes of nitrogw, the stt»liee 
do not ps9^i&m a aasis for predicting the «caet effeet of ooneen- 
tratiflte of t^iese gases to photochanleal laog fbination. The lab- 
oratoi:r etad^ ea pbotoeheBieal aaog shov the folloidngt 
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The decision to r^qplre hydrocarbon ooatrol for aotor vahicles 
X3 supported hj a preponderance of eridAce* Control of 
hydrocartx>ne alone idlx reduce eye irritation, vegetation 
daaage^ and O2one and aeioeol foimation; and the greater the 
degree of hydrocartion control, the greater the reduction of 
the avog pQo<kicte# The hydrocarbon ccmtrol progrM in Callfoi^ 
nia should, therefore^ prooeed aa ra^ddly aa poacLble. 

The beneflta of further r e du cti on of anog psoteete f^ oxides 
of nittogen control will depaod <m the effectiveness of the 
bydroeaiten control prognsi* Ihe aore i^feetiw the control 
of hyvizDcarbMs, the leas significant tiill be the baEieflLt 
realized troA the control of cad&n of nltrogan* Ibst of the 
experinental fUidings indicate that, with effective hydrocarbon 
control, aodmate reAiction of oaddes of niUogm aay not 
Airther rectece anog effects. In fact^ eone of the laboratory 
data indicate that moderate reducUoD of oxides of nitrogen 
esdaaions nay negate scm of Uie benefits gained froei hydro- 
carbon control. 

In order to achieve ^eai^mt benefits b^ond tliose f rw 
nydrocarbon control, a standard fbr 09d4es of nitrogen in thm 
atnosphere wuld have to be set at a very loir lefvaL, 0.1 part 
per million or less. Such a rtandard wi4d iapose a very 
stringent, p&ba:^ even unrealistic, control of nltrogm 
ctadde oisalcms tram all sources. In vieir of tbs uaacertaln^ 
of the supporting data and the conflictlzig opinions of scien^ 
tists, a standard based on the sp^ifle role of asides of 
nitngn in photochemical air poUutim is aot reeoMMnded 
at this tlmm. 
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Chapter I 

THE OXIDES OF NITROGEN AND THEIR FORMATION 

The oxides of nitrogen (^!0x) are compounds of the two most abundant 
gases in air^ oxygen and nitrogen* Seven Knom oxides of nitrogm are 
shoim.in Table I: 

4 

TABLE I 



THE QXIO£S OF NITBOGSM 



Kate 


Cheaical Sjalool 


Nitrous Oxide 


N2O 


Nitric Oxide 


NO 


Nitrogen Dioxide 


NO2 


Nitrogen Trioxide 


NO3 


Nitrogen Seaquioxide 


N2O3 


Nitrogoi Tetroxide 


"204 


NitrogMi Pentoxide 


N2O5 



The first of these^ nitrous oxide^ is a colorless gas and occurs natu- 
rally in air at a concentration of about 0^5 parts per million parts 
of air X^y volui&e (ppm}«(l) It is said to be fomed Ify bacterial action 
and by reaction between nitrogen and atomic oxygen or ozone in the upper 
atiBosphera«(2) The gas is employed as an anaesthstie^ and its ow&on , 
Tiame is "^laughing gas*** Choically it is inert at ordinary tesnperatures 
and is of no concern as an air pollutants 

The second^ nitric oxida^ Is foxmed by the fixation of oxygen and nitro- 
gen at high temperatures accruing to the reaction N2 <^ " 2N0« The 
burning of petroleum fUels in internal combustion engines and the oom^ 
bustion of natural gas or oil in boilers^ flimaces and liters are 
important sources of NO in Califoniia« Nitric oxide, which is oolorlessj 
reacts a^ ordinary t^peratures with the oxygen in air to fom the 
brownish dioxide according to the ruction 80 «^ ^ • li02# The colora- 
tion effects of nitrog^ dioxide is discussed in a subsequent chapter^ 
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The rate of fomation of nitrogen dioxide from nitric oxide and oxygen 
in air increases as the square of the nitric oxide concentration* The 
reaction proceeds very rapidly at high nitric oxide concentrations and 
very slowly at low concentrations. At a concentration of 1000 ppm 
nitric oxide, about 5 minutes are necessary to convert one-half of the 
nitric oxide to nitrogen dioxide. At a concentration of 1 ppm, 100 
hour3 are required for one-half conversion and, at O.l ppn, 1000 hours 
are required. In the presmce of hydrocarbor^s and irradiated by 
sunlight the conversion of nitric oxide to nitrogen dioxide is much 
faster than can be accounted for by the reaction of nitric oxide with 
molecular oxygen. The photochemical conversion will be discussed in a 
later chapter# 

The remaixiing oxides of nitrogoi * M2O3, IK}^ and - exist in 

the atmosphere in equilibrium vdth nitric o^de, nitrogen dioxide and 
other compounds, but their concentrations are very mall. For example, 
nitrogm tetroxide exists in equilibrium with NO2, i.e., 2 N02;^K204. 
At a concentration of 0.1 ppm VO2 in the atmosjdMre, the equilibrium 
concentration of is only 7 x KTH ppsL. 

VO^ and N2O5 in urban air exist in equilibria with ozone (O3}, NO, and 
NO2. It has b^n calculated that, at conemtrations of 0.1 ppn of O3 
and IK^ and of 0.01 ppm of NO, the upper limLt eouilibrium concentration 
of IIO3 is 7«5 X 10*0 pimu Iteder the same oomiitions. the upper limit 
equilibrium eoncmtration of N2O5 is 2.2 x IQrU p|tt«^^< 

l^us, of the oxides of nitrogen, only, ni&ric oxide and nitrogm dioxide 
concentrations are sufficimtly hi^ to be of ooneem in air pollution^ 
Indeteminant mixtures of MO and VOo are referred to in this report as 

Nitrogen dloxld. hfdrolises in water to form nitric and nitrous acid, 
2SXi2 * H^p - 10103 * (^adcal methods coaaonly used to detennine 

the eadasions of NOx frca^ stationary sources or frea motor Tehid.es are 
based on the measurement of either nitrite (102") or the nitrate (1103*} 
ion. In practice, NO is first oxidised to NO2 and the latter is then 
absorbed in an aqueous reagent. The results ar. usually expressed in 
terns of N02« 

Chotieal equilibrium and reaction z^te data have indicated that nitric 
oxide is the predminant oxide of nitrogen foaed in eonbustion pro- 
cesses. Measurements of NO and l»2 in the .exhaust have sheim that this 
is true for internal ooabustion engine8.^7A0>(7A3^ 

The concentration of NO^ enitted from a .combustion process is affected 
bgr the peak temperaii^e and its duration, the availability of free oxygm 
and nitrogen, and the rate of cooling of the ^ses. It has bem esti- 
mated that at about 27^?* with 20% oxygen present, i»400 pia NO is 
fomed at equilibrium and 90$ of the eq^ilibrina value is reached in 
12 seconds. At 3860OF, 20,000 ppm NO is fomed ^ 9<^ of the eouilib- 
rium concentration is readied in one-half second.(2j To maintain the 
90% of the NO fomed at the high tsmperature, bowevsr, requires that 
the gases are cooled to 3U0^P in about two-hundredtbs ft second, or 



at a rate of approxiifiately 20,OCX3PC/sec. At temperatures below 2780^? 
the rate of a^pompoaition of NO to molecular oxygen and nitrogen becomes 
neglifrible*^2A3J However, the amount of NO fomed at 2780^F and even 
at several hundred degrees lower is not negligible from the standjxjint 
of air pollution«^2; 

In the operation of an internal combustion engine^ the peak combustion 
t^perature and oxygen content are affected by the air-f\iel (A/F) ratio. 
At A/F ratios below 12:1, the aystcm is oxyg«*-deficient, and the nitric 
oxide concentration is founc to be very low* Increasing the A/F ratio 
above 12:1 raises the exnaust NO concentration sharply, reflecting the 
increase in combustion t.^perature and the availability of oxygen. The 
A/F ratio for marimi)m oxides of ni .rogen fomation ranges fram 15:1 to 
17:1, which is slightly leaner thr i the stoichioaietric A/F.^97 Further 
leaning of the cir-iuel mixture r^ces the peak combustion temperature 
and, thereby, reduces the nitric oxide foxuation* 

The c<»npression ratio, ignition timing, and xuiifold air pressure also 
affect the peak combustion t^per^^tiire. The effects of these factors 
on oxides of nitrog^ concmtrations are shown in Figures 1, 2 and 
As shown, the effects are grmtest when the A/¥ ratio is about 16:1^^^ 

The mass emissions of oxides of nitrogen dep^ on the concmtration 
and on the volume of gases discharged during a combustion process. Thus 
the modes of motor vehicle operation which produce high tanperetures and 
high exhaust voltmies account for the greater part of the mass emissions 
from automobiles^ Way and FagleydO) f^^^ ^j^^ ^{ ^he NO emis- 
sions frora motor vehicles occur dbirixig the fast cruise and rapid accel- 
eraUon modes. Dai^ and Deeter^H/ reported that the quantity of NO^^ 
eiBitted from motor vehicles increases with vehicle speed. Rose et al, 
however, reported that exhaust emissions of oxides of nitrogm are 

indepepde^^t of average route spe^ but are dapmdent on mgine aiz^fuel 
ratio. ^12; 

Oxides of nitrogm formation in boilers and other industrial combustion 
ecfuipment also Increases with Increasing peak conbustion temperatures and 
to a degree with increasing amotmts of excess air provided for combustion* 
limissions from oower plant boilers have been reduced by recirculating a 
portion of the flue gases back into the firebox* This reduction was 
postulated to oe the result of a reduction of the temperature of the com- 
bustion gases in the zone where nitrogen is fixed.t^^/ Reduction of 
NC^ emissions from steam plants vras acccmplished by reducing the quantity 
of primary combustion air In a 2-stage method of cce^stlon. By using 
95^ primary air and completing the burning with secondary air, NO^ 
emissions were reduced almost 50%.^'^ J A decreass In burner load also 
produced a decrease In flimie temoerature and a resulting decrease in 
oxides of nrtrogen emissions. 

In a study of emissions froatL stationary sources It was found that. oxides 
of nitrogen increased as the heat input to the power of 1.18.v"^5;(16; 
This exponential increase of oxides of nitrogen may be due to nigher 
combustion temperature attained in the larger combustion equiitaent* 
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FIGURE ) 

EFFECT OF SPARK TIMING ON 
OXIDES OF NITROGEN CONCENTRATION 
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FIGURE 2 

EFFECT OF COMPRESSION RATIO ON 
OXIDES OF NITROGEN CONCENTRATION 
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FIGURE 3 

EFFECT OF MANIFOLD AIR PRE?^SUR£ ON 
OXIDES OF NITROGEN CONCENTRATION 
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Chafiter IL 

OXIDES OF NITROGEN FROM MOTOR VEHICLES 



In considering oxLded of nitrogen attributable to notor vehicles^ it 
should be noted at the start that the largest percent » aliaost all in 
fact, are emitted from the exhaust system. The total of oxides of 
nitrogen emitted from the crankcase is but one oercent of that emitted 
from the exhaust^ according to measurements theoretical calculations. 

Oxides of nitrogen in exhaust emissions have been measured^ along inith 
other contaminants^ in several surveys. The surveys covered a large 
number of gasoline vehicles selected to represent either the total 
vehicle population or special se^ents of it. These include the Los 
Angeles Test Station Project ^ the Coordinating Researdi Council Survey ^ 
and the Califorrda Department of Public Health Specialised Vehicle 
Survey. A brief description and a summary of the data from each of 
these studies follows 



The Los Angeles Test Station Project (1962-63) was a cooperative effort 
of the Auto Club of Southem California ^ the Automobile Mamifacturers 
Association^ the Los Angeles County Air Pollution Control Oistrictj the 
U.S. Publie Health Service, the California Motor Vehicle PoUution Con- 
trol Board, mA the State De^rtment of Public Health. It consisted of 
two parts. Part I - ^e Correlation Stu^ - detemined the relationships 
of a variety ox operating factors to esdiaust containant concentrations. 
Part II « ^e Mass Testing S^dy - determined the cdiaust emissions from 
more than 1000 cars, using an d-mode chassis 4yn«mofiiter cycle. The 
operating modes and the weighting factors are shown below. 



THE LOS AtiGM£S T£ST STATION PS0JSCT 



a^MODS CYCLE 



Mode 



Weighting Factor 



15*30 mph acceleratiion 
50 mph cruise 



30-1$ mph deceleration 
15 mph . cruise 



5020 mph deceleration 
Idle 



^25 mi^ acceleration 
30 mph cruise 



6.1 
6.2 
5.0 
45.5 
5.7 
2.9 
4.2 



4 



In the Correlation Study ^ HO^ emissions from 28 cars^ 17 standard size 
and 11 compacts J were de^en!lin6<l with the following four procedures: 

la - Cars were driven in Los Angeles on a route typifying Los 
Angeles driving. Composite samples were collected using a 
projx>rtional sampler* 



2a - Cars were driven through the State U-mode cycle on the Los 
Angeles ' Hiver Gbttcna (dry season). Samples were collected 
by proportional sampler. 



2b - Cars were driv^?n through the State ll-mode cycle on the Los 
Angeles Hiver Hottom« Composite NO samples were collected 
manually during cruise and accelernfion modes. 

3b - Cars were driven through 8-inode cycle on dynamometer. Com- 
posite VOx samples were collected manually during cruise and 
power modes. 



The means^ standard deviations, and upper and lower 95^ confidence limits 
of the fX)y anissions determined by thb different procedures are shown in 
Table I. 
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The correlation between pairs of sampling procedures are sh6wn below in 
•fable II. 



UbU II 

C0HPARI50II or RESULTS WITR BimRENT PROCEDURES 
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3b/2t 


3b/2b 


W2« 
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1.07 
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STANDARD CABS 
Ratio of the Moans 
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1.(9 
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1.00 
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Ratio of th* Msana 
Comlation Coaff ieianta 


1.17 
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1.23 
0.830 


1.10 
0.9Sk 


1.0$ 
0.935 


0.9b 
0.772 


0.89 
0.716 



Sooroas In part, trm Raport to tha Staeriog Comittoa Im Angalaa 
tiBOt StaUon Projaetf bj (3iarlta S« TmwAM^^ Jvm 10, 1963# 



The NOj^ concentration from 11 vehicles was Measured for each of the 
power modes of the S-mode cycle. Bie results are tabulated in Table III ♦ 
As shown^ the emissions are highest durir^ acceleration^ and are directly 
related to vehicle speed. Ihis is in agreement %dth results obtained 
from other emissions surv^s and from studies using test en^^ines. 



lAiB in 

OXIDES or HITROOEN COIKXIITRATIONS BI MODS OF OPERATIC^ 
{ppm n02) 
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Tflble iV shows the mean emission of exhaust NOx measured on f^-motle cycle 
dunnK the nuiss tf^tin^- phti»e. Oxide:-, of nitro,:en composite samples 
were coiiectetl by mean:; of a tuujciall> <ieai>'ned t«unplor, and were niv»- 
lyaed by the phenoldisulfonic acid (PDS) method. 

The means .«hown are simple averages and have not been adjusted for types 
of transmission, the population profile, the oercent CO ♦ CQ2 or other 
factors which can affect the average emissions of oxides of nitrogen. 



Table 17 

AVESAl^ EXKADST EMISSIONS OP 
OUSBS OP nVSBOOBS 
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1 NUMBER OF 
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Auto Club Bnqiloyees 
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22 
5 


m 

96U 
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^Vehicles brought in by auto club 
aeo^rs for spM&sneter efaedcT 



T^ cumulative frequency distribution of emissions by 'trenamissioa type. 
tSS^ ^«o«ling to the number of cars in each categoiy, are shown in 
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Table VI summarizes tKe NQx emissions trcm cars classed according to 
weight-to«*engine displacement ratio (gross weight of automobile, in 
pounds, divided by the engine displacement in cubic inches). Of the 
vehicles ecuipped wi^h manual transmissions, those having a weight-to- 
aisplacement ratio between 12,0 - 15.9 anitted the highest concentra- 
tions of N0^« 



T^le VI 

WEIGHTED AV£HAG£ NITROOEN OXIDE EllISSIi»IS BI RATIO OF WEIGHT 

TO EHQIHE DlSPLACaiEilT 
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Soars* t iSae T^bla V. 



Analyses ot the Test Station Project results diselossd a statistically 
significant <af formes in the mean levels of NO^ for cars of different 
types of transmission. As showi in liable VI, th© mean NOjj ooncsntration 
was 1075 pm for ears ndth autnaatie transmission compared witb ^ ppm 
for ears with nanoal tranaidssion. 

Based on statistics r^rtsd in Autmwtive Sew Alaunae^^^ in 1962, 6^% 
of the U.S. made ears were acmipped with autematie tz«nay.s8ion. The 
%raighted average for the 1962 ear populAtlon is thoreforos 

(1075)(0.63) ♦ (S70)(.37) - 1000 mm 
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COOaUXNATIilG KisSi!.&aCH COUNCIL SUiiVftY 



In 1956^ the Coordinating Research Council^ Ine« (CRC) tested 272 
vehicles, i&xhaust gases mbtb sampled for MO^ during four power modesi 
and the NO,^ content analyzed by the PI>S method* 

The sumaary of the oxides of nitrogen emissions shown in Table VII was 
* reproduced from the CHC report«(2) 



Table ?II 

SUMHARI OP OXIDES OF NITROGEIt EMISSIONS SI MODE OF OPERATION 

ipptt H02) 



CaitDTSKM 


50 qjh 


30 apb 


15-30 mpti 


20-1:511^' 


Kuiter of 


266 
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27U 
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famim Hr Eoor 
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0.178 


0.506 


0.703 




1,625 


905 


1,700 


1,185 


Includes 2,$% 
of SMjples 


90 


lOtt 


110 


166 


Ineludes 

of S«pl88 


3,77U 


2,338 


3,56b 


2,71»2 



CALIFQSNIA DEPAEmSIT OF PUBLIC HEALTH SPECIALIZB) VEHICLE STUDY 

in 1963, the Caliibxnia UepartsBvit of P»faUe Health oontraeted with the 
Los Angeles Coiantjr Air BoUutim Contzel Uistriet to investigate mi.s- 
^ns floB three grmips of specialised vehicles - a ^oup of 15 U.S. 
ooiqiaet ears, a poup of fO forei^ oenpaet ears and a group of 10 U.S. 
li^t tracks. Of the U.S. oo^iaets, 5 had autcaatie and 10 had aanaal 
tranaBission. Foreign oeapaets and Aoeriean traeks were equipped with 
■anual trananission. 

Measuroients of oxides of nitrogen in exhaust were aade during two power 
aodes - AO ^h cruise, and 15-30 aph acceleration. The ssnples were 
analyzed by the PSS method. 
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The results from the Specialized Vehicle Survey are summarised in Tables 
Vlll, iX, and X. As shown, the average oxides of nitrogen concentra- 
tion in the exhaust of 15 U.S. compacts, operated at 15-30 mph, is very 
close to the GHC results for this mode. The foreifjn compacts and U.S.^ 
trucks had lower emissions. These latter vehicles were all eauipped 
with manual transmission. 



TabU vixx 

mraxw oociOB eomo/thMtion 8/ npt or tiunskissiox 

AID NOW or 0?CiUVI01f 

man states cchpact cars 





TRAJGMIS 






Aa CAftS 


Amlfttfi^oii 


40 Ml 


ISOO aph 1 40 i9h 
A6Ml«ntiott I Crmm 


15^ 

AOMlAFStlon 


40 Ml 


mm 


5 

1,061 

m 
i,ei9 


5 

1,606 
1,S40 
706 
617 
2,629 
1,992 


10 

1,4^ 
1,395 
525 
5S6 
2,669 
1,^ 


1 10 
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t 1,^ 
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n9 

2,4S7 
1,738 


15 
1,679 
1,561 
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IS 
1,463 
1,533 
563 
637 
2,629 
1,991 



Table IX 

NITROCm OXIDE CONCENTRATIOIf 
BT MODE OF OFERATI(» 
FOREIGH COMPACT CAES 

MAXUAL TRAH^nssicaf om 

(l>I»N02) 



15-30 msh 
Aceelsritioa 



Cruise 



Nux^r of Can 
Ma«a 
Median 

Standard Deviation 
^nallest Val-de 
Largest Talue 
Ran^ 



50 
1,213 
1,136 
581 
102 
2,82? 
2,727 



50 
753 
631* 

5U3 
71 
2,880 
2,809 
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Table X 

NTTRaiEN OXIDE CONCENTIlATIDNii IN EXHAUST 
BY MODE OF OPERATION 
UNITED STATES LIGHT TRUCKS 
MANUAL TRANSMISSION 

(PIMC NO2) 





1^30 Hph 


ho nph 




Acceleration 


Cruise 


Number of Trucks 


10 


10 


Ms&n 


1,U56 


1,019 


Median 


1,391 


1,091 


Standard Deviatlm 


h92 


I46O 


Snallest Value 


783 


29U 


Laz^et Value 


2,5n 


l,8lijb 


Range 


l,79Ii 


1,550 



ismSSIONS OP N0{ FHOM DTfflSIfi 



fi&issions of oxidM of nitrofen trcm dies^ls hav« nat bem ccmpreh^f)- 
8lveljr studied* Th« f m llnltad 8tikU.a8 that have bean made arf inostly 
on laboratory test engines^ An exception to these is the study of 
exhaust eniissions fx^ diesd^ gasoline and proi^e powered coaches 
during city driving«v3) A reviw by the D^mrtment In 1962 of all 
data available revealed that IX>x eoncentrat^ns in diesel exhaust were 
lower than those in gasoline^ fpd^ust under comparable operating con** 
ditions; however , because diesels eoit larger volixmes of pdbaust^ the 
mass emission of NO^ tr^ diesels may be slightly hi£^er«^4) 

A recent stu(^ of €niisslons from laboratoxy engines and truck-mounted 
^ngijies under a variety of operating conditions shows the maximw NO 
concentration detected to be 1100 psoim This is about half the maximum 
NO concentration measu^ Md in gasoline exhaust* (5) In this study^ as 
well as others^ it was found that most of the oxides of nitrogen emit- 
ted were in the fora of nitric oxide* 



NOj^ emissions tvcm diesel v^ldes haye been shown to vary considerably 
depending on engine type, ^ine design and loading, and other factors* 
The limited data ai^ilaULe are not adequate for d^ineating thm exact 
role of diesel emissions in air pollution and for establishing emission 
standards* They do indicate that the mass emission of 18^ from <^esels 
is about the same or slightly higher than emissions from gasoline vehi** 
cles* 
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j£8TIMAT£S OF MASS iiMISSIOliS OF UOi FBQM MOTOR VEHICLfiS 



The total wel^it of oxidos of nitrogen eidttad daily fraa aotor vehidos 
in a cMBBunity nay bo estiJBatod fflultiplyir^g tho total notor fUol oon- 
sumption in gallona par day by an avorago NO^ aod^aaion faotor in pounds 
par gallon of fuel* Tha aniaaion factor for iioa Angalaa vahidaa ia 
darivad aa follows; 

Studies of D^AUava^^^) and tha aaore recsnt one by Laonard^C?) indicate 
that k/T ratios are relatabXe to CO and CP2 ooncentratlona in axhauat.^ 
According to the method suggeated by Leonard^ and asauming that tha 
method is applicable to wdgbted average ooncactrationa obtained f^a 
a combination of operating modes^ the wet basis CO and COj ooncentra-* 
tions of 3^42 and 11«3 respectively (Test Station averages) would coz^ 
respond to an A/F ratio of 13 to 1« This Is conlimed by actual road 
test data which indicate that the A/F ratio for a randon sample of Los 
Angeles vehicles is 12*9tl«v8; With vehicles operated at this A/F ratio 
on the road^ the jiverage VOx concentration in ead^auat is 975 PPgbi*^^^ 

The specific gravity of gasoline referred to as Loa Angeles "basin nix* 
has been reiportad to be 0«745> corresponding to a density of 6«2 pounds 
per gallon*^^^^ On this ba^s^ the average volume of intake air per 
gallon f/f foel conswed would equal; 

13.0 lb/lb X 6.2 lb/gal x i-.x 379 cf/»l - 1053 of of air/gal 

29 

Assuming that the average «diauat voliaM e^iala the avex^e intake air 
volima, the weight of HO^ maitted (detendiied aa VO2) therefore equalas 



For the 1963 Xos Angeles vehicle population^ the gross oxides of nitro* 
gen Missions liould then eq^ials \ 



Similarly calculated^ the emissions of VO^ ttw motor vehicles in the 
San Francisco Bay Area equal 336 tome per day> in San Diego County 
66 tons per day, in SaenMnto 40 tons par d^, and in lU^varalde 23 tone 
per day* 

The eatiMatea of motor vehi^e foel eonsiMd include both ^soline and 
diesel foel* It is assused in the ealeulation that xbm equation of a 
gallon of diesel lUel produces the aa&e q^iantity of ozidea of nitrogen 
aa the ooakuation of a gallon of gaaoliae# Appr»iMitely 5% of the 
motor v^de iUel aold in California ia for oaa in dieaela* 

The average emiasion factor of 0#13 Iba of Kix saittad. per gallon of 
Aiel consumed, was baaed on results obtained from the La# Teat Station 



1053 -filx^x^ 
gal IM 37 




0*13 -ij X 7 X 106 gal/day x 



I 

2000 lb/ton 



* 455 tons/day 
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Project wnich is the most recent anc* most comprehensive study. It 
should be noted that the average concentrations of NO^, CO, and CO2 
were obtained for the present Los Anireles car population tested on 
operating conditions purported to renresent Los Angeles driving pat- 
terns. It is assumed that the vehicle distribution and the driving 
patterns, and, hence, the emission factor derived for conditions in 
Los Angeles is applicable %o other areas of the state in calculating 
the total oxides of nitrogen emissions* 

Not taken into consideration in estimating mass emissions of NOx is the 
possible effect of cold starts on Kpx emissions. For examole, a car 
left standing for a long period, mich as overnight, may emit lower con- 
centrations of NOx during the first few minutes. What effect cold starts 
may have on the total emissions, therefore, is not known. 
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Chapter III 

OXIDES OF NITROGEN FROM STATIONARY SOURCES 



The wide spectrum of stationary coDbustion processes i^ieh discharge 
oxides of nitrogen ranges f rw ^soaH dome&tlc gas appliances to large 
thermal power plants# In between these extrones is a large variety of 
industrial and comereial processes. Stationary sources hare been cate* 
gorlzed by the Los Angeles County Air Pollution Cmtrol District aceord^- 
Ing to mass cmissims of NQx per hojur as foUoitss 

Staall sources - those emitting NQx at a rate of less than 5 pounds 
per hour. 

Medium sources - those emitting NOx a rate beti#een 5 to 100 
pounds per hour. 

Large sources * ttose emitting NQx at a rate greater than 100 
pounds per hour* 

In the ^small souarces" category are included the domestic and coamidrcial 
gas appliances. The number of these appliances ^d^ hence ^ ^e emis* 
si^s from this group are diree^y x^latable to popuilatlon growth. On 
the average, discharge volume from these aj^pllinces is small Bnd the 
oxides of nitrogen eoneentomtisn in the flue gases is about 50 i^; 
hmce^ indiiddi^lly^^ time appli^es emit a Tery small quantity of 
oxides of nitrogen. But there is such a large numbw of these appli- 
ances in every coHmity that^ eollectlvelj^ they represent a signifi- 
cant sowee of NOx* 

Also Included in the "small sources** category are 9omm metallurgical 
furnaces, non-metallurgical kilns, stationaiy internal cMbustion 
engines handling light loads ^ and some chsmical jmcesses. How much of 
thk total NOx emissims is attributable to these sources depends i»i the 
number of industries lAktch employ equipment in the ^small sources** cate- 
gory# In most c^miunlties> there is at least swe light Industry where 
this kind of eo^iipment is employed. 

In the Medium sourwits** category are larger industrial IHamaces (open* 
hearth steel fl&maces and sUmb fUmaces)^ asj^ialt living plants > large 
incinerators^ refinery heaters, and stationary internal crabustlon 
engines in the 300 to 1799 H.P. class used for driving compressors. 

The average concantratiM of NQx in the flue gases from this category of 
equipment ranges from 50 to 2000 ppm. As this equipment is used in a 
wide variety of industrial activities, NQx amisslcms attributable to 
this class differ greatly frem ccmmonity to ccnmunlty, depending on the 
extent and nature of . industrial development. In rural regions, the 
quantity and proportim of NUx emisslms from this class tend to be small. 
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Of the oxides of nitrogen emanating froia stationary sources, those dis- 
charged frca equipnent in the "large sources" cat-sgoiy account for the 
larisest proportion of the total. Urge manufacturing industries and 
thermal potrar plants are in this category. Bnissions from power plants 
generally vary with the seasons - greater in winter, less in summer. 

In comunities where industrialieatio.. is not highly developed, and 
irtiere large themal power plants are absent, eoissions fron stationary 
sources would be a comparatively small fraction of the total. 

As shorn, MOx enissicms are hi^er in winter ihan in suner. In Los 
Angeles, the increase of NOx emissions in the winter over the suaner 
amounts to 60%, This is the result of increased emlsslMs fwa thermal 
power generation to satisfy a higher electrical demand during winter 
months. 

Table I shoirs the data provided by air pollution control districts on 
oxides of nitrogen emissions from several California regions during sum- 
mer and winter months. 



^able I 
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Chapter II 

INCREASES IN OXIDES OF NITROGEN EMISSIONS 

As with oommity air pollution in gen«r*l, future increases in oxides 
of nitrogen eaissicas are inextrLesbly linked with the grawth of popu- 
lation and increases in notor v^ele re^istratioxxs and f\iel oonsuap- 
tion. Projections of future increases in the oaddes. o. nitrogen must 
therefore take into account the trrads in these related factors. 

The population of California has approxiaatelj doubled every twenty 
years since 1860. Shortly after 1940, because of this growth and its 
attendant iner^e of fUel eonsuaption, air pollution beeaae Increasingly 
noticeable in large aetropolltan areas in Galifbmia. 



PQPUUTION GROWjH 

The population of the State has more than doubled free I94O to the pre- 
smt. Today, the less densely populated counties are glowing at an ^en 
more rapid rate than the aore densely populated ar^s such as Los Angles 
County, the San Francisco Bay Area or even the State of California as a 
«Aiole. ^ 19dO the populations of fiiverside, SacMiwxto, and San Biego 
Counties are expected to be six tiaes their population in I94O while the 
populAUon of the Sute and of los Alleles and the Bay Area, in I960, 
is expected to be only three to four i^mm their I914O population. 



NOIOfi VailGLS ISCfiSASI 

Meanwhile, the increase in aotor vehicle r^istration is outstripping 
even that of the population. Motor vehicles increased twm. 2«8 niUion 
in 1940 to the pressnt 9.6 ail lio n. 1980 it is eoqteeted that appzox- 
iaately 16 Billion vehicles will be registered in California - five 
tiaes the 1940 figure. In soae counties, the growth is even aore rapid. 
An ti^t-fol4 increase is expected in the saaller counties 1980. 
Biverside County, for oaaple, is expMted to have, in 1980, eight ti^ 
aore aotor vehicles than in 1940. 

The date on population and aotor vehicle registration for each year 
since 1940 are sboiei in Tables 1 and II for the State, Los Angeles 
County, San Diego Coun^, Biverside County, Saereaanto Comty, and the 
San J^cieco Bay Area. (The Bay Area Air FoUution Control District at 
present iaelud^ the counties of Alueda, Contra Costa, Marin. San 
ftrancisco, San Mateo, and SaaU Clara.) ' 
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T«blA I 



ESTIMATHiD PO?UUTION 
CALIFCffllllA 19UO-196U WITH raOJECTIONS FOR 1970, 1975 AMD 1980 
AS OF DECEMBER 31 EACH mR 



(In thousands) 





STATE 


UXi AMGEI£S 
COUNTY 


BAY AREA 

(6 COUIfTIES} 


SAN DIEGO 
COUNTY 


SACRAMENTO 
COUNTY 


RIVEHSIDB 
COUNTY 


Illll 


7,091* 

f,KOO 

8,121 
8,726 
9,11*5 


2,872 
2,975 

,3,322 


1,637 
l,'o99 

2,01*2 


298 


176 


109 
lU 

125 


191j5 
19U6 
19U7 
19U6 
191*9 


9,1*52 

7fO70 

9,91*8 
10,201 
10,1*91 


3,517 

3,921 
U,071 


2,359 

2,295 
2,350 






11*3 
155 


1950 
1951 
1952 
1953 
1951* 


10,887 
11,38U 
11,870 
12,309 
12,761 


li,235 

l(,lt01 

U,626 
1*,862 
5,080 


2,510 
2,56U 
2,637 
2,701 
2,760 


576 
711* 
756 
763 
787 


287 
310 
330 
31*6 
36U 


176 
16U 
1^ 
211 
221* 


1955 
1956 
1957 
195a 
1959 


13,288 
13,879 
1I.,U59 
15,015 
15,576 


5,285 
5,501 
5,697 
5,851* 
5,996 


2,838 

3,0l»2 
3,1U9 
3,257 


836 « 

873 
915 
970 
1,023 


386 
1*08 
1*32 
1*60 
1*93 


238 
251* 
271 

288 
30U 


I960 
1961 
1962 
1963 
196U 


16,158 
16,771* 
17,360 
17,971* 
18,563 


6,11*9 
6,317 
6,1*93 
6,692 
6,836 


3,35U 
3,li99 
3,625 
3,759 


1,070 

1,113 
1,11*0 

1,158 
1,209 


52U 
553 
576 
59U 
62U 


321 
3U0 
360 
379 


1970 
1975 
1980 


22,031* 
25,031* 
28,li37 


7,731 
8,531 
9,3U2 


1(,610 
5,301 
5,990 


1,1*28 
1,613 
1,620 


783 
926 
1,083 


516 
620 
732 



Notes Tha «9tlMte8 in the t4bl6 Abov« mn adjusted te Dteaiiiber 31 
of oach yoar by the Butmu of Air Sanitetion fron tha sourcM 
shorn belotf« 

Sourcai 19liO, 1950 and I960, decennial reporte of the U*S* Bureau of 
the Census, as of April 1, each year, 

19U1 through 19U8 for Los Angeles, Riverside and the Bay Area 
Counties are fron the California Taxpayers Association as of 
January 1 of the following year* 

The 1951-1959 intercensal, the 1961-196U posteensal estiMtes 
and the estinates for 1970, 1975 and 1980 all as of July 1, 
each year, were prepared fay the Financial and Population 
Research Section, Department of Finance. 
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Table II 

MOTCa VEHICIS HEaiSTRATlONS 
CAUFOSNIA AND SELECTED AREAS 
19UO-196U, WITH PROJECTIONS FOR 1970, 1975 AND 1980 
AS OP DECSMBER 31, EACH YEAR 

(In thousands) 



YEAR 


STATE 


LOS ANGSI£S 
COUNTY 


BAY AREA 
(6 COUNTIES) 


19U0 

i9ia 

19li2 
19li3 
19ltU 


2,803 
2,993 
2,869 
2,786 
2,818 


1,173 
1,262 
1,21U 
1,167 
1,170 


571 
605 
565 
591 
595 


19U5 
19U6 

19U7 
19U8 

19ii9 


2,893 
3,11*0 

3,525 
3,805 
U,159 


1,192 
1,302 
1,1*63 
1,572 
1,696 


605 
636 
710 
775 
851 


1950 
1951 
1952 
1953 
195i4 


li,6l8 

5,1U7 
5,1*97 
5.692 


1,882 
2,006 
2,096 
2,269 
2,382 


91*5 
1.007 

l,0!iO 
1,097 
1,126 


1955 
1956 
1957 
1958 
1959 


6,l8l 
6,526 
6,826 
7,293 
7,393 


2,600 
2,716 
2,826 
2,937 
2,967 


1,218 
1,281 
1,335 
l,ii32 
1,U53 


I960 
1961 
1962 
1963 
196U 


7,833 
8,117 
8,768 
9,050 
9,565 


3,110 
3,l8U 
3,373 
3,U89 
3,61*2 


1,51*3 
1,599 
1,736 
1,813 
1,887 


1970 
1975 
1980 


11,700 
13,600 
15,500 


1*,1*00 

5,000 
5,600 


2,300 
2,700 
3,000 



SAN DI2S0 
CODNTT 



SACRAMENTO 
COUNTY 



Hi* 
135 

lia 

137 
137 

II4O 
1U8 
16U 
179 
198 

221 
2I42 
265 
285 
291* 

316 

3ia 

369 
U05 
1*28 

1*55 
1*7U 
508 

511 
5U3 

700 
820 
920 



68 
71 
69 
68 
70 

71 
79 
90 

99 
110 

125 
137 
11*7 
159 
165 

182 
19U 
206 
227 
2UO 

256 
271 
307 
308 

321* 

1*30 
500 
570 



Source: State of California, Departaent of Mcrtor Vehicles Report, 

"Ni3id)er of Vehicles Hagistezvd," Deceaber 31, 191*0 throafi^ 
Deceaiber 31, 1961*, Projections for 1970, 1975 and I98O are 
b7 Bureau of Air Sanitation, based on Trend of Registrations 
1955-196U. 
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FU£L COliSUMPTIOK 



EstlaatM of futur* Aial oonmaption, using various approadtes^ havs 
b««n roported la the lltsraturs. Thsss rangs tram the oon8«rvaUv« 
linear projections Used on the trend 9f .the past few yearsCl) to 
those based on the logarltl)ale^.Bethod.(2A3) Ths estiaates to be 
reported here are the result of ooaprostlses betwera the estiaates 
obtained bgr the two wctroaes and an veiy close to the results 
obtained bj the exponential aethod.CA) 

Aael oonsuqptlon sUtlstlee are available only on a stateidde basis. 
Thus, It Is neeessaxy to use the percantage of couBtr-to-state aotor 
vehicle registration as the aethod of apportioning the SUte total 
ftiel oonsuaption to a eounty. Figure 1 illustrates the per«aat 
increase since 1940 of the aotor vshlde Aiel eonsonption in the State 
and in five areas in the 9tate. 

Nhlle the SUte populatioB Is growing rapidlj, as shoim in Figure 2, 
it is not as fast as the grotith of notor vshlele registration. The 
rate of Atel oonsuqjti^ Is evw aore rapid. 

The daU on aotor vehicle Axel oonsa^tion for the SUte as a idiole 
are shown in Table III. In 19^, aore than 19 Mlllon gallons of iViel 
were eonsuaed dally in the SUte. The 19?0« 1975. and 1960 fUel eon- 
suapilon rates are projections based on the 1955-196^ trend. 

Table IV shows the quantity of electrical power produeed in the SUte 
and how aaeh Is being utilised per caplU. In 1940, 1360 M-fir/tr of 
power per eapiU was produced. Ijf 19^ this use tripled to 4140, and 
it is expected to reach acre than five-fold by I960. Cosipared to 1940, 
per eapiU power production is eaq>ected to inerease 33 p«re«it faster 
than population by I960. 



GBOWn TfiEKD OF IK>t 

Table V shows anmnts of aotor vehicle mIssImis, of current daU, and 
aaounU projected to the years 1970 and I960. The proje^lons are 
Used on the SUte of CallfoittLa figures for ftoel consoiptlen trends 
and for apportionaent of county-to-sUts population. The flcures pre- 
sented are for warn starU and do not take Into aeoount possible aod- 
ificatlons of sogine and eidiaust «yst«M, the inereased use of autoaa- 
tic t rsnilssio n, or possihle changes in traffic ^tterns - any or 
all of which asy affect the aaounts of NObc saitted. 

Table ? also pres«its prejeetions of odssions froa sUtlonazy sources 
Used on trends la population growth. The figures do not take into 
aeoount possible chaises in the comnt aeans for aeetlag population 
d«and for power. 
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Figure 1 



MOTOR VEHICLE FUEL CONSUMPTION TREND 
CALIFORNIA AND SELECTED AREAS 
1940-1964 




RATKS OF mcwm 

CALTWRNIA, l'»40 - 




Table III 



MOTOR VEHICIE TJEL CONSUMPTION 
CALIFORNIA, 19UO-196ii 
WITH PROJECTIONS FOR 

1970, 1975 AND 1980 



lEAR 


THOUSANDS 
OP aALLONS 
PER TEAR 


YEAR 


THOUSANDS 
Cff QAUJOS& 
' PER 1EAR 


19U0 

i9ia 

191*2 
19U3 
19UU 


1,758,330 
1,978,5U7 
1,719,162 
l,l*3l*,560 
1,1*67,906 


1955 
1956 
1957 
1958 
1959 


U,1*05,613 
l*,7l*l,OU5 
l*,93l*,102 
5,136,756 
5,1*56,202 


19^ 
I9I16 
191*7 
19I18 
191*9 


1,810,1*25 
2,1*36,1*31 
2,735,932 
2,830,121* 
2,990,5Ci* 


I960 
1961 
1962 
1963 
196U 


5,691,028 
5,935,771* 
6,252,766 
6,63l*,l<05 
7,076,252 


1950 
1951 
1952 
1953 
1951* 


3,212,615 
3,505,873 
3,751*,560 

3,9l*8,lil*5 
1*,032,352 


1970 
1975 
1980 


9,000,000 
11,200,000 
13,500^ 



1. Motor vdiida fuel eonmaption figures for 1940-1963 are 
taken from I964 California Statistical Abetraet^ The figure 
for 196U ie reported by State Board of &)ualisation« 

2. Figures represent statewide sale for <nHd^mj ase for 
Botor v^icles inelud^ gasoline^ L«P«G«, and diesel fUel^ 
less estlaated gallonage upon iMLeh refteids of tax were nade 
because of nonhi^iiny use* 

3. fistinates of 1970, 1975# and 1960 Aiel figures are Bureau of 
Air Sinitation imjectiox^« 
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Table IV 



kmjkL fRcmcnm of eiectrical energy 

CALIFORNIA, 19liO'1962 



UUAK 


TOTJU. 

MTLT.TflMg 

OP KILOUAIT 
HOURS 


KILOKATT HOURS 
m CAPITA 


PERCEMT 
OF 191*0 
KUXMATT HOURS 
FES CAPITA 


19kO 

i9ia 

19b2 
191i3 
19Wi 


9,789 
10,it38 

11 fiB'i 

ll*,776 
15,887 


1380 
139U 

11*20 

1693 
1737 


100 
101 
103 

123 
126 


19US 

191*7 
191*8 
19li9 


l5,91iU 
17,311* 
19,1*32 
20,287 
22,112 


1687 
1786 
1^3 
1989 
2108 


122 
129 
11*2 
11*1* 

153 


1950 
1951 
1952 
1953 
1951* 


2l*,836 

29,375 
29,252 
35,06^ 
37,762 


2281 
2580 
2li6U 
281*9 
2959 


165 

187 - 
179 
206 
21i* 


1955 
1956 
1957 
1958 
1959 


1*2,512 
1*6,679 
1*9,901 
50,782 
58,U3 


3199 
3363 
31*51 
3382 
3731 


232 

250 
21*5 
270 


I960 
1961 
1962 


63,831* 
69,1*1*1* 
73,551* 


39^ 
1*U*0 
1*237 


286 
300 
307 



Source I C«lifonii« Statietlcal Abstract, 

1961*, 



•28- 



Although the amount of vehicle use and industrial activity is not 
significantly affected by seasonal changes, the need for power gener- 
ation and space heating is so influenced. During the winter months 
increased amounts of Axel are required and this influences the 
amounts of NOx emitted to the ataosphere. The figures in Table V 
reflect this* 

In areas where electrical energy is not gmerated by thermal power 
plants, there are fewer seasonal variations in Ud^ emissions. In 
these ooamsinities the oxides of nitrogen due to motor Yehides is a 
high proportion of the total. For exuple, approximatel7 90^ of the 
emissions in Sacramento are from motor vtfiicles contrasted to 
in Los Angeles. Figure 3 iUustrates the contribution of 
vehicular and stationary source emissions in five California areas. 
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Figure 3 

ESTIMATED E^aSSIONS OF OXIDES OF NITROGEN 

1964 

(Tons per day) 

TONS PER DAY 
700 r I 1 
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Chapter Y 

OXIDES OF NITROGEN IN THE ATMOSPHERE 



Air monitoring for nitrog^ dioxide in California began in 1951 i^an the^ 
Los Angeles Coxmty Air Pollution Control District initiated a hand sam- 
pling program. With the development of continuous measuring and record- 
ing instrum^ts, it became possible in 1956 to monitor nitric oxide (NO) 
and nitrogen dioxide (li02) different locations^ both simultaneously 
and continuously* Since then, measurement of these compounds with 
continuous air monitoring instruments has bem made at one time or 
another at 37 locations in the state. 

Currently there are 24 stations in operation , 21 measuring both oxides 
of nitrogen (NOx) and nitrogen dioxide (N02)> and three oUiers measuring 
NO or NO2 individually. Sixteen of the 24 stations comprise the State* 
wife Coop^ative Air Mmitoring Network (SCAN) vAiich samples ether pol« 
lutants besides oxides of ^nitrogei. The network is coordinated by the 
California Departamt of Public Health nAiich operates some of the sta^ 
tions and provides varying degrees of support and assistance to air pol«* 
lution control districts idiich operate ^e o^er stations. The locatlems 
of the air monitofiJig stations are shown in Figure 1. 

The air mmitoring instruments used to measure oxides of nitrogen are 
basically the same throiigbbut Calif omia. Nitrogen dioxide in a metered 
air stream is. absorbed in a metered stream of reagent to produce a red 
dye.(l) The intensity of the color is contlnuous3jr measured with a pAxx* 
tometer and recorded on a strip chart. (2) 

As the photometer has a logarithmic response to concentration > the 
method has a hi^ smsitivity to low concentrations combined with a 
relatively high range. Most mmitoring instruments now in use have a 
range of 0-3 or 0-4 ppoi oxides of nitrogen. At the low end of the 
scale ^ the difference of concentration that can be detected is in the 
order of 0.01 ppoii at the high end^ it is 0.2 ppm. 

Oxides of nitrogen (NO^ concentrations are usually deterained with the 
same instrument that measuree nitrogen dioxide* To analyze th's NOx 
(NO ♦ NO J concentration in an air s«flple> it is first passed through a 
converter %Aiere nitric oxide is oxidised to nitrogen dioxide iriiich is 
then analysed with the systSA Just described. Thus^ using a parallel 
system of two eolums^ one fbr NO^^ one tot the sum of NO «^ N02f it is 
possible to determine nitric oxidV emcmtratlM differentially. 

The instruments used by the various air mratitoring agencies are basi- 
cally the same> although air reagent colioans^ NO converters^ and elea«' 
trical hookups for differential quantitation of NO^ NQx> and do 



-33- 



LOCATION OF AIR MONITOKINO STATIONS IN CJVLIFORNIA 



Statewide Cooperative 
Air Monitoring Network 
(SCAN) 

□ Non-SCAN 

Not currently operating 




ERIC 



1 


Sacramento 


14 


2 


Stockton 


15 


3 


San Francisco 


16 


4 


Berkeley 


17 


5 


Oakland 


18 


6 


San Jose 


19 


7 


Fresno 


20 


8 


Bakers field 


21 


9 


Santa Barbara 


22 


10 


Ventura 


23 


11 


La Habra 


24 


12 


Bur bank 


25 


13 


lasadena 



STATION IDENTIFICATION 

Azusa 26 

Hollywood Freeway 27 

Wesc Los Angeles 28 

Downtown Los Angeles * 29 

Vernon 30 

Inglewood 31 

Florence 32 

Lennox 33 

Downey 34 

Torrance 35 

Avalon Village 36 

N. Long Beach 37 
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U.S.C. Medical Center 
Anaheim 

Santa Ana Airport 

San Bernardino 

Ontario 

Rial to 

Riverside 

Mira Loma 

U.C. at Riverside 

Newport Beach 

San Diego 

Mission Beach 



vary* Instrunant operation, howerar, has not been^tandardlsed; hence, 
data obtained by different agencies differ in quantity and reliability* 
Those agencies devoting the most efforts to the taalc uaually produce 
the OQost reliable and continuous data* With the State coordinating 
the operation of many of the stations in recent years, swe degree of 
standardisation has bem achieved. As a result, the recent data col* 
lected in the statewide air monitoring '.etimork are more suitable for 
comparing pollution in the various coBbMunities and, hence, they are . 
used in this report. 

Maximum hourly averages of NO^ of 0.25 ppn or higher occur often in 
large California cities. During the 1963*64 period, they occurred 
more than 100 days per year in Los Angeles, Long Beach, Oakland, and 
San Jose. The combined NO and NO2 was not measured in San Francisco. 
Maximum hourly averages of 1«00 ppm or higher, however, occur 5 days 
or 1 ns per year in these same cities* Table I shows the number of 
days per year having maximfum concentrations greater than specified 
concmtrations of NQx and N02« Maxiaum hourly averages of 1102^ of 
0.25 ppm or higher, occurred at a rate of\2^or more diyrs per year in 
three cities - Los Angeles, Long Beach, ana San Fkwicisco* 



Table I 

OXXEES OF NXTROGEH 
AVERAGE NUMBER OF DATS PER TEAR HAVINQ MAXTMIM HOURLY 
AVERAGE CONCEKTRATIONS GREATER THAN 
SPECIFIED CONCENTRATIONS 
SCAN, 1963^ 





OXIDES OF NITROGEN 
(Npjc), PFM 


NITROGEN DIOXIDE 
(NO2). PPM 


Location 


o-.?U 




>50 >1.00 


0-.2U 


>.25 


>5o 


Los Angeles 


16U 


201 


89 5 


336 


29 


3 


Long Beach 


191 


nk 


92 5 


339 


26 


3 


Oakland 


252 


113 


32 3 


359 


6 




San Diego 


289 


76 


18 1 


362 


3 




Riverside 


296 


69 


U* 3 


356 


9 




Sacramento 


296 


67 


19 1 


362 


3 


m 


Stockton 


319 


U6 


11 1 


365 






San Jose 


237 


126 


26 


355 


10 




San Francisco 








3U5 


20 




Fresno 


312 


53 


7 


360 


5 




Asusa 


3Ul 


35 


3 


361 


U 




Bakersficl'l 


32U 


Ul 


m m 


365 






Anaheim 


3U9 


16 


m m 


365 






Santa Barbara 


355 


12 


m mm 


365 






Ventura 


361 


U 


M m 


365 






San Bernardino 


36U 


1 


m m 


365 




m 
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The total number of hours during 1963 and 1964 having '»av4in« hourly 
average concentrations in specified ranges are shonn in Table II as 
are the percentage of the readings. In Long Beach, for example, of 
approximately U,000 hourly readings in 1963~1964, 3,179 » 
hourly readings were higher than 0,25 pja which is equivalent to 22% 
of the total hours. 

Although thqr may be of short duration, the reeoM high peak concen- 
trations are indicative of the contamination levels that may be 
reached at an air monitoring station under presttit aission levels 
and at the most adverse conditions of weather. Vlth more persistent 
sUble weather conditions, the duration of the peak concentration would 
increase and so might vhe peak concentration itself. The maxtaum oxidee 
of nitrogen and nitrogso dioxide that have be«i observed since contin- 
uous air monitoring for these gases ba^an are shown in Figure 2 and 
Figure 3, respectively. These fibres show that sUUons in Los Angeles 
have measured the hi^est peak ooneantratlons. The oaddes of nitragvi 
peak value in Los Angeles is an order of magnitude hi^^r than in San 
Bernardino, the loeaUty with the lowest peak ^slvm. 



^SSASQKAL VABIAnOMS OF HQx C^SCBMIBAlIOliS 

The eoncttitrations of nitric oxide, the predominant oxide of nitrogen 
foxsed in high t«4>erature eombustimi, are hii^est during the late f^ 
and winter months wlien stxong grraad based inversions oeeur. 

liitrie oxide is converted to ni^trogen dioxide in the fttmospbere. There- 
fore, the coneentFatien of i4trog«i dioxide depends not oniy on amissions 
of oxides of nitrogen and ^nditions of wind and inversion but also on 
eunll^t intmsity and the presence of ori^ude eo^Munds in the atansphere. 

The seasonal variations for NOx az»4 for Ii02 in five selected cities are 
shown in Figures 4 to 6. At the time that the maadaw hourly avemges of 
oxides of nitrogen were recorded in these cities, almost all of the 
oxides of nitrogen were in the fern of nitric oadde. The seasonal pat- 
tern of i^trie oxide, therefore, resembles that of oaddes of nitxogsn 
with the highest concentrations occurring in the fall and winter months. 

The highest nitrogen dioxide ooneeotmtions also are measured during the 
winter months; howevM^, hi^ eoncentratlons may also occur at other 
Seasons of the year. 

The concentrations of oxides of nitrogen and nitrogm dioxide shewn in 
Figures 4 to 8 are the highest maxina hourly avenge that was measured 
during each month. The same patterns of seasonal variations stem in 
th^e figures are observed when the concentrations are o^essed aa: 
ilj monthly peak - the highest peek concentration obsarved during « 
month; (2) monthly average - the average of all hourly averages during 
a month; and (3) the monthly average of maxlaa hourly averages for 
each day of the month. 
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Table II 



OXIDES OF NITROGEN 
NUMBER AND PfliCENT OF HOURS lUVING AVERAGE 
CONCENTRATIONS IN TiE SPECIFIED RANGES 
SCAN, I963-I96U 



1 


NUMBER 


NIIMHE 


— i 

R OF HOJRb 1 




T 
1 




OF HOURS 


0.25-0.U9 


0.50 


0.25-0.1*9 


0.50+ 




MEASURED 


ppm 


ppm and Greater 


Los Angeles 


13,970 


1,957 


601 


ll*.0 


1*.3 


Long Beach 


ilA,126 


2,278 


901 


16.1 


6.U 


Azusa-^ 


12,550 


39 




0.3 




San Francisco 


12,7U8 


1,510 


179 


U.8 


l.U 


Oakland 


9,139 


- 733 


181* 


8.0 


2.0 


San Jose^ 


5,oU2 


Shk 


93 


12.8 


1.8 


San Diego 


13,6%^^ 


U58 


82 


3.3 


0.6 


Sacramento 


Hi ,1*62 


U23 


108 


2.9 


0.7 


Stockton3 


7,020 


88 


1 


1.3 


a 


Fresno 


13,303 


11*7 


10 


1.1 


0.1 


Bakers field^ 


3,958 


UU 




1.1 




Santa Barbara^ 


7,177 


20 




0.3 




Ventura3 


8,966 


5 




0.1 




Orange 


9,U09 


72 




0.8 




San Bernardino^ 


9,868 




3 




a 





In I96I* January-Noreiriber. 

In 1963 December only 

In 1963 Noveniber and Decesiier on^. 

In 1963 April-Decentoerj in 1961* Februaxy, March anfl i^ril. 

I96I* data only* 

In 1963 January-October. 

Less than 0.1. 

Los Angeles County Air Polution Control District and 
State of California Department of Public Health 



1 
2 
3 
I* 
5 
6 



Source: 
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Figure 3 

RECORD PEAK CONCENTRATION OF NITROGEN DIOXIDE (PPM) 



STATION 

DESIGNA- LOCATION 
TION 

17 *Los Angeles (downtown) 

12 Burbank 

16 West Los Angeles 

22 Downey 

20 Florence 

18 Vernon 

23 Torrance 

15 Hollywood Freeway 

32 *Riverslde 

36 ^an Diego 

19 Inglewood 

25 *North Long Beach 

26 U,S,C. Medical School 

24 Avalon Village 

13 Pasadena 

4 Berkeley 

21 Lennox 

3 ^an Francisco 

14 *A2usa 

5 Oakland 

34 U.C. at Riverside 

6 ^an Jose 

30 Ontario 

1 ^acrmnento 

29 ^an Bernardino 

2 Stockton 

27 ^Anaheim 

37 Mission Beach 
11 La Habra 

9 ^anta Barbara 

8 ^Bakersfield 

7 *Fresno 

31 Realto 

28 Santa Ana Airport 

33 Mira Loma 

35 Newport Beach 



1.00 



2*00 



1 



* Members of SCAN 

LAAPCD Stations are underlined 



1.00 



2.00 
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DIURHAL VARIATIONS OF NQx C0MC2N7RATI0NS 

The diurnal variations of oxides of nitrogen and nitrogen dioxide are 
illustrated in Figures 9 and 10 for three cities - Los Angelea^ Oak- 
land J and Sacramento. Concentrations are brown in Fi^re 9 for the 
month of February to represent the winter seasonal pattern and^ in 
Figure 10^ for Septcaber to represent fall* 

Tha pattern for NO^^ during both seasons is bimodal as the ooncentra* 
tions reach a peak during the morning hours and again during ^he late 
afternoon or evening hours. The morning peak begins to form at about 
6:00 a.m.^ reaches a wifl.xImmB at about 8:00 a.m.^ and then declines 
rapidlj. The evening peak begins to form at about 5tO0 p.m. and 
reaches a peak at about 8:00 p.m.^ although at times the eoncwtration 
continues to rise during the evening hours* 

The hours at which these peaks occur either coincide wLthj or take 
place shortly after ^ the hours of peak traffic conditions. The con- 
tinual rise of NOx during the evenings of some months may be ascribed 
to meteorological factors and to increased stationaxy source aalsslons 
during cold evenings. 

Concentrations of VO2 also reach a peak daring the momlx^ hours^ follow-* 
ing the NO^c morning peak by about an hour. This indicates that li02 
is fomed mainly f m MO in the photochemical sn^g reaction during the 
dayli^t hours* 



REUTIONSHIP BEIHEEN ATMOSPHERIC CONCEKTSATIOJIS OP NQx 
AMD OTHER POLLOTAVTS 

The air pollution photochemical reaction requires the presence of both 
oxides of nitrogen and hydrocarbons. Descriptions of this reaction^ 
and predictions of the effects of control of oxides of nitrogen and 
hydrocarbons^ are presented in a subsequent chapter* Necessary to the 
prediction of effects is a knowledge of the atmospheric levels of these 
ccntaminants. 

Continuous air monitoring for hydroeaxtens began in downtown Los Angeles 
in 1962 by the Los Alleles County Air Pollution Control District. 
Flame Ionization (FI) analysers are ueed. These instruments measure 
the total hydrocarbon concentration in tex«s of earfaon atoms. However^ 
not all of the hydrocarbons measured by the FX instrumnt participate 
in the photochemical reaction. As a dass^ the olefins are the most 
reactive followed hy the aromatics. Methane^ ethane^ propane^ butanes^ 
pentanes^ acetylene^ and bensene art not believed to be important In the 
reaction. 

Analyses of specific atmosphexlc hydrocarbons have liulicated that some 
non->reactive hydrocarbone may be from nattiral soureee.(3; Methane is 
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DIURNAL VARIATION 
AVERAGE CONCENTRATION FOR EACH HOUR 
FEBRUARY, 196A 
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DIURNAL VARIATION 
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the iK>8t abundant single hydxx)carbon in the atmosphere and it may 
aaount to 50 to 90% of the unreactive h7droearbon8«(4) 

Concentrations of the prinary pollutants - nitric oxide^ carbon mon- 
oxLde^ and hydrocarbons - rise rapidly to a peak during the early 
aiming hours of laost anog days. The difference between the minlimim 
and "?^rf"^i"i values occurring during this period is an indication of 
the air pollutants recently added to the Cijnosphere. 

The differences in concentrations ej^ressed as delta (A) are shoim in 
Table IV for the months of August^ Septanber^ and October and in 
Table V for the aonths of Novenber^ Deconber^ and January* ttie values 
shoim are the differences of the maxtmim and fflinliDui& 20 minute average 
concentrations between the hours of 5:00 a,m« and 9:00 a«so« in dovmtown 
Los Angeles. The days shorn were selected on the basis of having a 
large difference of carbon aonoxide and of being ancg days. 

Korth et al reported the concentrations of oxides of nitxogen and . 
hydrocarbons lAiich occurred on five days of severe ^e irritation.^ 3; 
These %#ere based on the hi^est five minute avoraga for each 6bj* 
Total hydrocarbon concentrations were corrected for badcgrDund ooncentra* 
tion which was the lowest value between midni^ and the time of the 
peak. As shown in Table HI ^e average hydrocarbon concentration was 
5.2 ppB C; NO was 0.46 ppa; and the average ratio of hydrocarbons to 
MOjj was lia. 

Table III 



ATMOSPHEBIC DATA 



DAT£ 


HYDBOCARBON COKC. 
(PMi CARBON) 


NOy conc. 

Xm) 


HC/MOx 
RATIO 


8/7/62 


3.2 


0.32 


10.0 


8/8/62 


8.0 


0.59 


13.5 


8/9/62 


3.0 


0.32 


9.4 


8/U/62 


5.0 


0.45 


11.1 


9/20/62 


7.0 


0.62 


U.3 




5.2 


0.46 


U.1 



Soureet Prepared from infonution in Beference 5« 

The average ratios in the atoosi^ere are close to the ratios as nitted 
from motor vehicles shown in Tables IV and V« This signifies that motor 
vehicles are a major source of these pol^tants in downtown Los Angeles 
during the moxtiing hours. 

On a daily basis the ratios^ as well as the concentrations^ vary widely. 
The hydrocarbon to oxides of nitrogen ratios range fkt» 6#7 to 22.2 in 
the fall and from 7«8 to 25.0 during winter. The control of hydrocarbons 
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Table IV 



RATIOS OF ATMOSPHERIC CONTAMINANT CONCENTRATIONS 
IX>S AMGEI£S STATIOW #1 - AUGUST. SEPTEMBER OCTOBER 

1962, 1963, 196U 

(0500-0900) PST 



Data 



^CO ^iNOx ^HC» 



RATIOS 



Monday 


8. 6*^2 


9.0 


Tuesday 


8. 7-62 


10.0 


wQanosaay 


ft Q £.1^ 


15.5 


Friday 


d.2U-62 


12.0 


Wednesday 


9-19-62 


lU.5 


Thursdi^ 


9-20-62 


13.5 


Friday 


9-21-62 


13.0 


Monday 


10- 8-62 


1U.6 


Monday 


10-29-62 


20.0 


Tuesday 


9-10-63 


12.0 


Monday 


10- 7-63 


22.0 


Tuesday 


10- 8-63 


22.0 


Wednesday 


10- 9-63 


10.5 


Friday 


10-11-63 


11.0 


Monday 


lO-lU-63 


9.5 


Friday 


10-18-63; 


9.0 


Tuesday 


10-29-63 


15.0 


Thursday 


9- 3-6U 


21.5 


Thursday 


9-10-6U 


13.5 


''•hursday 


9-2U-6ti 


21.0 


Wednesday 


9-30-6U 


15.5 


Friday 


10- 2.6U 


19.0 


Vfodneaday 


10- 7-6li 


15.0 


Average 




II4.7 



Average 

Concentration 
In Exhaust 



^C O ^ IHC ^^CO 



.29 


3.5 


51 


IP 1 
^£ eX 


.13 


2.5 


77 


19.2 


32 


5.5 


ltd 


17.2 


.33 


3.0 


36 


9.1 


.li5 


3.S 


32 


7.8 


.50 


U.o 


27 


8.0 


,.U6 


U.o 


28 


8.7 


.23 


U.o 


61 


17.1i 


.38 


7.0 


53 


I8.lt 


.27 


2.5 


Ui 


9.3 


.6U 


8.5 


3U 


13.3 


.37 


8.0 


59 


21.6 


.27 


3.5 


39 


13.0 


.33 


3.0 . 


33 


9.1 


.38 


U.5 ' 


25 


11.8 


.27 


3.5 


33 


13.0 


.U5 


5.5 


33 


12.2 


.UO 


5.5 


51i 


13.8 


.29 


3.0 


U7 


10.3 


.27 


6.0 


78 


22.2 


.2> 


It.O 


53 


13.8 


.52 


3.5 


37 


6.7 


^36 


h^. 




15.3 


.36 


U.5 


U3.5 


13.2 



2.6 
U.O 
2.8 
U.O 
U.1 
3.U 
3.3 
3.5 
2.9 

U.8 
2.6 
2.8 
3.0 
3.7 
2.1 
2.6 
2.7 

3.9 
U.5 
3.5 
3.9 
5.U 

hi 
3.U 



35,000 1,000 10,000 35 



10 



3.5 



* .1.^ ppm Carbon 
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Table V 

RATIOS 0? ATMOSPHERIC COMTAMINANT CONCENTRATIONS 
lOS ANGELES STATION #1 - NOVEMBER, DECEMBER, JANUARY 
1962, 1963, I96U 

(0500-0900) PST 



DIfTERENTUL (PWi 



Date 



Thursday 11- 6-62 

Tuesday 11-20-62 

Monday 11-26-62 

Friday 11-30-62 

Monday 12- 3-62 

Wednesday 12- 5-62 

Thursday 12- 6-62 

Friday 12-21-62 

Tuesday 1-22-63 

Wednesday 1-23-63 

Monday 11-18-63 

Pbpiday 12-13-63 

Thursday 12-26-63 

Friday 12-27-63 

Friday 1- 3-61i 

Monday 1- 6-6U 

Monday 1-13-61; 

Wednesday l-l5-6ii 

Thursday 1-16-6U 

Tuesday 1-28-6U 

Average 



Average 

Concentration 
in Exhaust 

« As ppB Carbon 



^CO ^1iOx_ ^2kHC» 



23.0 


.55 


7.0 


21.0 


.77 


6.0 


17.0 


.2U 


6.0 


20.0 


.15 


5.0 


19.0 


.llO 


7.0 


26.0 


.6U 


6.0 


21.0 


.50 


5.5 


21.0 


.li9 


5.0 


18.5 


.111 


3.5 


16.5 


.37 


U.O 


17.0 




5.5 


20.0 


.67 


7.0 


13.5 


.31 


5.0 


19.0 


.50 


7.< 


26.5 


.92 


10.5 


16. C 


.65 


-5.5 


16.0 


.65 




15.5 


.50 


10.0 


19.0 


.51* 


7.0 


27.0 


.92 


m 


19.6 


.5U 


6.3 



35,000 1,000 10,000 



RATIOS 

^CO ^ i^vHC ^CO 



U2 


12.7 


3.3 


27 


7.8 


3.5 


71 


25.0 


2.8 


133 


33.3 


U.O 


U8 


17.5 


2.7 


Ul 


9.U 


U.3 


U2 


11.0 


3.8 


U3 


10.2 


U.2 


U5 


8.5 


5.3 


U5 


10.8 


U.l 






3.1 


30 


lO.li 


2.9 


Uli 


16.1 


2.7 


38 


15.0 


2.5 


29 


11. U 


2.5 


25 


8.5 


2.9 


25 






31 


20.0 


116 


35 


13.0 


2.7 


29 






U3.3 


lli.2 


3.3 



35 10 3.5 
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will lower the average ratio. But, on sone days, the ratio nay still 
be within these ranges although high ratios should occur less fre- 
quently. 

Hydrocarbon concentrations are often neasured and expressed on a molar 
ippin HC; rather than on a carbon atom (ppm C) basis. Based on exhaust 
gas analysis, the average carbon number of exhaust hydrocarbon has 
been estimated approximately as 4.(6) (7) The average carbon number of 
crankcase and evaporative emissions are higher.(8)(9)aO) Assuming 
that the average carbon number of all motor vehicle oBissions is 5 or 
6, the average concentrations shown la Tables III, IV, and V, in temm 
of parts per million carbon atoms, are equival«t to approximately 
1 PF" of hydrocarbon. The average MO^ concentration is about 0.5 ppm. 
The ratio of hydrocarbon on a aolmr basis to NO* is, therefore, approxi- 
mately 2:1. * * 9 fr 

Methane, ethane, propanes, butanes, pentanes, acetylene, and benzene 
constitute approximately i»0 to 50jr of the motor vehicle Imlrocarbon mis- 
sions on a parts per miUion hydrocarbon basi8.(6)(7)(8)(9)(l0) If 
the remaining hydrocarbons (essentially the higher than five carbon atom 
paraffins, the olefins, and the other aromaUcs) are considered as 
"reactive" hydrocarbons, the ratio becomes about one part per million 
of reactive hydrocarbon per one part per million of oxides of nitrogen. 
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Chapter H 

COLOR EFFECTS OF NITROGEN DIOXIDE 
IN THE ATMOSPHERE 



Nitrogen dioxide (NC2) absorbs light over the entire visible spectrum. 
The absorption coefficients of NOa have been measured by DixonCl) in 
1940 and by Hall and 31acet(2) in I952. At all wavelengths within the 
visible spectrum, the absorption of light by IKh obeys Beer's law as 
represented by the equation: 

VHhere - trananitted light intensity 
Iq - original intensity 

^ - extincUon coefficient (2.3 x absorption coefficient) 
for a given wavelength 

C - concentration of NO^ 

S - traversed path length 

The extinction coefficients of MO2 in terns of ppm"*! mile"! and ppm-l 
Km-i for light of different wavelengths are shown in Table I. 

Table I 

EXTINCTION COEFFICIENT OF NOg 



WAVELENGTH, °A 


, (pm-i MILE-l) 




liOOO 


2.60 


1.6U 


U500 


2.07 


1.31 


5000 


1.05 


0.66 


5500 


0.U7 


0.30 


6000 


0.18 


0.12 


6500 


0.062 


0.039 


7000 


0.026 


C.OI6 



Sources Computed from the Summary in "Photochemistry 
of Air Pollution" ^Philip A. Leighton, 
Academic Press, 1961. 

For an atmosphere containing NO2 but free of aerosols, the extinction 
coefficient shoim In Table I can be used 4irectly to calculate the 
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tranamittad light intensity* (Light is attenuated by molecular scat- 
tering^ but this effect is very small compared to the light absorbed 
by NO2 and can be ignored.) 

Consider the case of an observer vieiri^ng a whita object at a distance 
S miles through a nitrogen dioxide concentration C« At any ^ven wave- 
lengthy the transmittance (fraction of the light transmitted^ ^tAo) 
depends on the product of the concentration and the path length since 
^ is constant. For^xample^ the transmittance %iould be the same at 
C • 1 ppm and S • 10 miles as it would be at C ■ 10 ppm and S « 1 mile* 
The transmittance for several products of oonemtration and path length 
(CS) are sunaiarised in Table II* 

It can be seen from Table II and Figure 1 that thiS color from an equal- 
energy Miite object ii.e,, one which radiates equal energy of all wave- 
lengths) would be modi^ed to contain proportionately mn of the longer 
wavelength eolors* At a CS of 0*1 ppn-mile^ the modification is slight ^ 
and may not be apparent to the observer* This would be the case %«hen 
the observer looks vertically at the blue tky through a thin^ polluted 
layer. At 10 ppai-miles the transmittance of red USOO^A) is about 0*5, 
while it is almost zero for violet**gre«n* Under this coiklition a dis- 
tant white object or the horizon siqr would appear reddish-brown* In 
between these extremes of concentrationrdistance combinaticms the lAiite 
object would appear colored in shades ranging from pale yellow to reddish- 
brown* 

Table II 

TRAHSHITTAKCE (j^) OF VISIBLE LIGHT BI KITROGEN DIOXIIE 
lo 

IN AIR AT DIFPiaSNT. (CS) VALUES 



WAVELENGTH, ®A 


COLOR— 


0.1 PPM-MILE 


1 PPM-MII£ 


3 PPM-MII£S 


10 PPM-J4II£S_ 


Uooo 


Violet 


0.77 


0.07U 


0.000b 


5xl0-i2 


U500 


Bliie 


0.82 


0.126 


0.002 


1x10-9 


5000 


Gresn 


0.89 


0.35 


0.0U3 


3x10-5 


$500 


Tellov 


0.96 


0.63 


0.2li 


0.010 


6000 


Orangtt-red 


0.98 


0.81i 


0.58 


0.17 


6500 


Red 


0.99 


0.9U 


0.83 


0.5U 


7000 


Had 


0.99+ 


0.98 


0.93 


0.77 



Source J Raferene* (3). Values for 0.1 ppm NO2 and 1 mile path 
length are coaputed, uaing the ttctlaction coefficients 
in Table I. 



In an atoosphere containing 1102 Md aerosols the situation is aore eoKf 
plicated. The tranaaitted light froa an object moid be farther 
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4000 



4500 5000 5*00 

Wavelength *A 



6000 



6500 



7000 
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Attenuated due to light scattering by the aezx>8ol8« The total atten- 
uation coefficimt becomes C^C -^Cf^ ^«re is the scatterii^ coefficient 
of the aerosols. The tranaadtted luminance^ Bt^ of an object beeches 



5^ =5oe 



-reTxCi- Oi)S (eq. 2) 



i^ere % * the original luminance of the object. Augmentivvg Bt id that 
part of the scattered air-light which is in the direction of the 
observer, ^lis scattered luminance is: 

where A is the volume scattering factor and is independent of %iavelength. 
The apparmt lusinance of any object to the observer at anj distance is 
the sum of Bt « E^. Since ^ varies with wavelength, Bt and fia will 
also vaxy with wavelength. 

The fractional reduction in tranaidtted luminance due to absorption by 
NOj alone is the same whether aerosols are present or not. Tld.s is 
shown as follows: 

In the absanee of NO2, (C • 0) 

(oq. 4) 

The transmitted luminance with NO2 pres«nt« relative to that with NO2 
absent, is therefore: 

(eq. 5) 

Bicc'o) e ^ s 

which is the transmittanee throu^ NOo (equation 1). This ratio 
approaches sero as S approaches Infinity. 

In the absence of Vfi^* ^* scattered luminance beoMea 

(eq. 6) 
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•Oie scattered luminance at a given aerosol concentration (for a given 
Og ) i#ith the presence of NO2, relative to that in the absence of MOo, 
is then: 

The liait of this ratio as S approaches infinitj is 



Consider now the case of an observer viewing tiie horizon sky, and 
assune that the distance S approaches infinity. Ihider this condition 
the transmitted luminance becomes aero and the sky luminance is entirely 
due to light scattering. Whan the transidt^ted luminance of a distant 
object is negligible tompared to its scattered luminance, the appearance 
of the object *«uld be similarly affected as the horlson sky. In such 
cases, the spectral energy that the eye ree^ves is proportional to 

^)Lirs • C is 0, the ratio is unity. With increasing MO? con- 

centrations, the ratio and consequently the spectral enex^ received 
by the ^ye decreases. A short wavelength light which has a high ^ 
will be attenuated more than light of longer wavelengths. If ^ becomes 
larger, as in the case of hi^ aerosol concentration, the rstio will 
become closer to unity and the effect of the MQa absorption of li«ht 
wiU becowi^semi. 

Or. J. Baymond Hodkinson,(4) consultant to the U.S. Public Health 
Service, calculated the effect of HOsj and of aerosols on ths horison 
sky and distant white surfaces at selected ooneentrations. He estimated 
density and \ micron diametsr aerosols at ooneentrations 
of AflOO, 1200, and 300 particles per cubic eentimeter, the aerosol 
acattwlng coefficient was 2, 0.5, and 0.125 &rl, respectively. 
Table m and Figure 2, showing different values of yJfc,, at different 
concentrations of BO, and aerosols are bassd on Hodki^s^s spproaeh. --^^ 
A Os value of 0.06 aals~J> wuld correspond to an atmoqihere containing 
almost no aerosols. 

Dr. Philip A. Leighton(5) has also ealcolated the opUcal effects of 
W)2 in an atmosphere eonUining aerosols. He illustratsd, ms a specific 
smmple, an observer viewing green trees, which rsflset light in ths 
region of 5O0O-55O0^A, at a distanes of thrss miles, using a scattering 
coefficient of .75 ailerl. Under thess conditions, in the absence of 
HOa, the transmlttanee. It , — (.75)(3) ^ , The extinction coeffi- 

r~ w ■ 0.1. 

±0 

;Jfil**f at green wavelength is approximately 0.75 p|«-l 

mile I (see Table I). At a concentration of 1 ppm if MOg and in the 
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Tftbl* ZI2 



ATTmjATIOK IN SPECTRAL UIMINANSE OF 
HORIZON SKY AT fiimREHT^ NO^- 
AEKOSOt C(»X:SlfrRATI0N5 



ATTKNUATION COEPFICIirNT 


• 3.2 MILK-l 


<^ • 0»8 MILE*^ 




0,4 MILB"^ 


Wavelength ^A 


0»2 ppn 


1 ppn 


2 ppn 


0«2 PPM 


0*5 ppn 1 ppn 


2 ppn 


4000 


0,86 


0.55 


0«38 


0.80 


0,24 


0.X3 


0.C71 


4500 


0.68 


0,60 


0«A3 


0»66 


0«28 


0.16 


0»088 


5000 


0,94 


0.75 


0.C0 


0.79 


0,43 


0.28 


0,16 


5500 


0,97 


0.87 


0,77 


0.89 


0.63 


0.46 


6.30 


6000 


0«99 


0.<*4 


0.69 


0.95 


0.82 


0.69 


0.53 


6500 


0«900 


0.96 


0.96 


0.98 


0.93 


0.87 


0.76 


7000 


0«99e 


0*99 


0«98 

J 


0.99 


0,97 


0.94 


0.88 



preamee of aerowls thm tranaadttanee beeoaes 

h ZD -(.75 ♦ .75)C3) ^ ^, 
— • • 0.01 

Thus, the addition of 1 ppa of IK)2 causes a tenfold reduction in the 
tranaadttanc. of the green lig^t. To maintain the saae tranavittanee 
when 1 ppa of NO2 is presmt, the path length aust be reduced froB 3 
to 1.5 adlea. 

Leighton has also shown that the apparent green object brightness - 
that is, the ratio of the ti^nandtted light intensity to the forward 
scattered light intenaity - would be diminished bgr a factor of 5.6 if 
1 ppi of 1102 added to the atansph-sre lAere the aerosol attenuation 
coefficient is 0.75 adlarl. To naintain the sane apparent brightness 
the path length mst be Psdueed frai 3 to 1.2 ailes. 

Sijdlarljr, he calcuUted that, to aaintain the saae contrast, the path 
langi;h aust be reduced froa 3 to 1.9 adles. 

ftr a cave of trMS with a tenfold differene. in br ightn ess, he esti- 
■ated that the apparent brightness ratio would be 1.72 wh«i Tiewed 
throu^ three idles of ataosphere containing aerosols hsTihg ^ - .75 
adle'l. The addition of 1 ppa of MOg would reduce the btightnesa 
ratio to l.U. In this ease with the addition nt WOot 
apparwt brightness cannot be attained at any path length. 
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DISCUSSION 

Nitrogen dioxide is highly colored. In the atmosphere it will reduce 
the brightness and the contrast of distant objects as well as to cause 
the horizon sky and white objects to have a color ranging from pale 
yellow to reddish-brown. These colors have been described as similar 
to colors of iidiiskay, tea or cola depending on the NO2 concentration, 
viewing distance, and aerosol concentration. The effect of aerosols 
is to mask the coloration effect of NC^, and to reduce vislblli^, 
contrast, and brightness of distant objects. 

It cannot be stated at this time the definite aerosol and NO2 conesi^ 
trations at t^ich the coloration effect of NO2 would be readily x^tice- 
able and objectionable to most people. Under conditions vhwn the 
transmitted luminanee of an object 'is negligible eonqtared to its scat- 
tered luminance, attenuation by NO2 and aerosol is appwximately pro- 
portional to the ratio . From Figure 2, it can be seen that 
%#hen 0.2 ppa NO2 is presmt on days of poor visibility (i.e., aerosol 
scattering coefficient, ^ of 3.2 milerl) the color of horison sky and 
distant white objects is modified only sli^Uy. At 2 ppm on days 
of good visibility, say a visual range of approximately 10 miles, (cor- 
responding to aerosol concentration 60O partieles/ee, ^ » 0.4 mlle'l} 
the horizon sky and distant white objects would appear brownish. The 
level tAiere the coloration effect is first noticeable is between these 
two curves, perhaps at 0.5 p|b NO2 on di^ of 10 miles visibility.* 
Thie effect is repr«8«nted in Flgur# 2 by the currr* fbr ^» 0.4 «ile"^, 
0.5 PP" l»2. • 

If, however, aerosol concentrations were mlaimiced throu^ control of 
hydrocarbons, other oiganie eoi^uads or particulate matter, the colon- 
tion effect of 0.5 ppm NOj on objects 10 miles distant would be K>re 
pronounced. To prevmt the increase of coloration effect caused a 
reduction of aerosol, a corresponding decrease in NO2 eoncmtration 
would be required. This can be illustrated as follows: When the scat- ^ 
tered luminance precbminates, the attenuation of a givm wavelength is 
represented l^y g^^^ . The ratio will rouin constant if both ^ and 
C are reduced by the same factor. If the aerosol concentration is 
halved, the NO2 concentration will also have to be halved. 

In the abs»ce of aerosol, the ratio equals zero, scattered 

luminance equals zero, and the coloration Affect is one of attenuation 
^ NO2 absorption alone. In this ease thajOlow^ e concentration for 
NO2 wul4 be vez7 low. Figure 1 shows that at 0.3 pfs ing for a 10 mile 
viewing distanca <^ ■ 3 psm) very lltUe Una and green would com ^ 
through. The effect of O.d ppm UOo on distant objects being vieMsd 
through a distance of 10 miles, on the other hand, is vei7 slight and 
would not be apparsnt to an observer. The aee^ttable ambient HQs 



"Visibility" is defined as the maximum distance at which a reference object can 
ibe seen. "Viewing distance" Is simply the distance between the viewer and the 
object. 



59. 



ooneentratlon in the absence of aerosol with respect to coloration 
effect must therefore lie between 0.01 and 0.3 ppoi for a path length 
of ten Biles* 

Assuaing that the effect on the horicon sky due to 0.5 ppn of N02« 
under conditions where the visual range is 10 ailes, is the criterion 
for an ambient air quality standard, the ooncentraUon of NQ2 which 
yields the same effect in the absence of ae^rosols can be evaluated. 
The combined effect of NO2 ^ aerosols on each wavelength is repre- 
sented by the expression for that wavelength. As suggested 
by Dr. Leighton, by setting the tranonitted luminance in the absence 
of aerosols equal to this expression, the corresponding (C}(S) can be 
calculated. This Mould be the oonblnation of Iip2 concentration and 
viewing distance which wDuH?produee the accepted effects In an aerosol- 
free environment. For example, at 50OOOA (green), the value of -g-^ 
is 0.43 under the SMclfied criterion. In the absence of aezoaolC 
Bt/B^ (C - 0) 'e' the corresponding CS value is 0.8 p{a - mUe. 

^* aj^C-hOi- values and the corresponding CS values for other wave^ 
lengths are Ubulated in Table IV. Thegr range from 0.55 for 4OOOOA to 
1.50 for 7C00OA with an average of 1.0 ppa - mile. For a viewing dis- 
tance of 10 miles, the ambient air ooneantraft&on of ID^ would have to 
be mainUlned at 0.1 p|a or less to meet the criterion. 



Table IV 



iRBITRART ACCBPIABIE LIMIT* ARD CS PRODUCT 
^ICH YIELDS THIS LIMIT THR01KSH IIO2 ABSORFTIOII 



A*» 


(LC + (Ts tTABI£ III' 


CS«* 


ItOOO 


0.2li 


0.55 


li$00 


0.28 


0.62 


5000 


0.U3 


0.80 


5500 


0.63 


1.00 


6000 


0.82 


l.IO 


6500 


0.93 


1.30 


7000 


0.97 


1.50 



The acceptable llnlt for a given wavelength is arbi. 
trarily selected as the effect on that wavelength by 
scattering, with 3-10 miles, C - 0.5 ppm NOo, (JZ - O.U 
mile-1 * 

* Calculated by equating to ^ " ^ 
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SUMMARY 



Tha coloration effect of NO2 In the atmosphere depwMis on NO2 concen- 
tration, viewing distance, and aerosol concentration. The effect of 
0.5 ppn NO2, %d.th a viewing distance of 10 miles, is postulated to be 
acceptable on days of 10 mile visibility. In an aaroaol-free atmos- 
phere, with the saae viewing distance of 10 miles, the acceptable 3i02 
concmtratlon is about 0.1 ppn. In reality, an aerosol-free atmosphere 
does not occur in aetropolitan areas, and a visibility of 20 Biles 
would represent a reasonable goal for ataospherie clarity. On such 
days, the acceptable liOj opneentration would b« about 0.25 PF*. 
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Chapter M 
PHYTOTOXICITY OF NITROGEN DIOXIDE 



Nitrogm dioxide is a phjrtotoxic substance. It can caueo vegetation 
daaage which is distinct from the daaage caused by photoeltemical air 
pollution in gmeral. There are few studies of the phytotoxic effects 
of nitrogm oxLdes. Vihat is available has been reviewed by Dr. 0. C, 
Taylor^ Associate Horticulturist, Air Pollution Bsseareh Centex* at 
Riverside, California, The following is a suBmary of his review, 

"The phytotoxic effects of nitrogen oxides, aside ttxm their role as 
a precursor of oxidizing air pollutants, have not been studied exten* 
sively*. Th±9 lack of ^Aterest in nitrogen oxides as phytotoxioants 
has resulted from reliable reports of plant damage only front concen- 
trations well above those measured in the atmosphere. According to 
Th(»as,Vl) the levels of nitrogen oxide in the atmosphere will probably 
always be too low to cause plant damage, Benedict and firem^^^ found 
that the most sensitive weed species used in their experiments recmired 
20 ppm to cause damage. Pinto bean leaves require, only 3 NO2 
for 4 to i hours to develop damage«(3)(4) This damage was reported 
to resmi^le that caused byL «q>osure to sulfur dioxide, 

«<Bush et al(5) have reported an 'atypical* smog damage %ftiich was 
thought to be caused by low concentrations of nitrogen dioxide. This 
chlorosis of the lower leaves of MicQtiana glntinoaa is different from 
the t/pieal *smog* or 'oxidant* type of plant d»age, Th^ suggest 
that long 9xpomxr% to concentrations in the vicinity of parts per ten 
million of air may be causing this damage, 

**A manuscript presently being prepared for presentation for piiblication 
in th9 Journal of Plant Physiology^ ^) describee experiments with bean 
and tomato plants esqoosed to nitrogra <U.oxide at ^ncehtrations below 
0,5 ppm. In these experiments young tooato end bean seedUjigs werr 
e3q)osed continuously to 0*5 ppii or less of NO2 for 12 to 19 days. In 
each instance, significant growth reduction, expressed as fresh and diy 
weight, occurred with no visible lesions of damage^ Leaves of tomato 
esqposed to the HO2 tended to curve or cup downward and a noticeably 
^xker green appear^sce^was noted* 

^ExpomiT^ of bean, tomato, and Hiootiana glutiitosa plants to 2,5 ppA 
iSSjf tor 7 haure Wi0f»r ^^sed collapsed idilte leeions on the leaves 
resembling damage by SO2 as described by Mlddleton et al«(4) The 
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lesions did not occur at concentrations less tnan 2.5 ppa even though 
the furaigutions were extended to as long as three days. 

"From the limited amount of information available it would appear that 
acute sjfttptoms of damage to sensitive plants occur only with concen- 
trations of NOp above 2 to 2.5 ppm. There is also sufficient evidence 
to suggest thi- concentrations of NO2 weU below 1 ppm may cause signif- 
icant growth suppression, chlorosis, and perhaps premature abscissions 
of leaves." 
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Chapter M 

PHOTOCHEMICAL EFFECTS OF NITROGEN OXIDES 



Nitrogen oxides cottprlae one of the tw gjnoupe of chemical compounde 
which are the raw Baterials for the production of photochemical nog. 
The other group condiets of organic ooapounds* Hydrocarbons are 
believed to be the most inportant organic coiBpounds in the Los Aogelee 
atmosphere because of the reactivity of maigr of this class of compounds. 

There is general agreement that photochemical nog would be eliminated 
if either the nitrogen oxides or organic comp ou nds were coi^xLetely con- 
trolled. 

Control of hydrocarbon emissions to the atmosphere was started in the 
early 1950 *s shortly after the original discovery of the photo^emical 
nature of Los Axigeles smog by Dr, A, J, Haagen^Sbit and his oo'^rkers. 
In compliance with regulations of the Los Aogeles County Air Bollution 
Control District, the petrolen refining industry was required to limit 
dischai^es from manufacturing operations and, by 1955t hid reduced hydro- 
carbon losses by hundreds of tons per day* 

A few years later the District adopted a rule to au^Mit hydrocarbon 
control throu^ regulation of the olefin content of gasoline. This 
action was directed at selectively redudqg the emission of a hl^shly 
reactive class of Iqrdroeaitene from operatioiis imolviog the produetion, 
dietributibn, and consomptiim of gasoline* 

The first motor v^cle eaisslon standards established in 1959 and I960 
by the California Departmmt of Public Health required a large reduc 
iion in hydrocarbon emiss ions fm motor vehicle exbauets and crankcase 
vents. Actual control of crankcase hydrocaxten Missions began in I960, 
and, in. late 1965> exhaust hydrocarbon control will b^gin on new cars 
sold in California* 

During the period from the early 1950 U to 1959 j the emphasis on control 
of motor v^lcle emissions was plMC^A on l^drocarbMis rather than both 
hydrocarbons and nitrogen oxides. This attitude reflected the stage of 
knowledge of the m»g reaction* It also reflected the greater progress 
which had been made in developing eontrol devices for eadiaust Iqrdrocap* 
bm trm motor v^dee, ' 

The Department did not include oxidw of^nitrogn in its motor vehicle 
ad.ssion standards in 1959# It, concluded fm the date then atailable 
that a large reduction in hydrocarbons would produee a marked improve-* 
m^t in nog effects and that there was insuf f leiemt evMence to 'sup- 
port a standard for nitrogw oxidee €misslone,(^} At the present time 
no regulations speci^cally requiring nitrogen oxides control are in 
effect for either stationary or moving sources in the State of Calif omia* 



fiacently. Intensified attention has been directed to the possible 
need for the control of oxides of nitrogen. The difficulty and 
expense of applying hydrocarbon controls to used vehicles has 
increased interest In the possibility of reducing photochanical anog 
by also requiring control of nitrogen oxides. Some individuals have 
expressed concern that^ with the control of hydrocarbons alone^ nitro* 
gen dioxide atmospheric concentrations %dll increase because of incom- 
plete reaction. The attendant color and toxic effects t«ould thm 
become a matter of greater concem. 



£aqperimental studies of Uie photochemical amog~ qrstem have shorn that 
the change in many snog effects which would result from an increase 
or decrease in nitrogen oxides concentration is dependent upon the 
hydrocarbon concentration. The converse is also true> although the 
change is not so prominent. For example^ at any given bydrocarbcm 
levels the peak ozone concentration can be reduced by either a large 
decrease in nitrogen oxides or by a large increase. This some^; ^t 
paradoxical situationjin^erlies the difficulty in predicting the 
result of varying d^rees of nitrogen oxides control on the photochem- 
ical amog effects. These effects bear no eli^e relationship to the 
concentrationa of the prlmaxy reaetants^ but are on^ex fUn^ions 
of both the concentration and ratio of. the reactants. 

An example of this is shown in Figure 1. In this figure the »ax4i«i« 
concmtratlon of osone developed in an experimental irradiation system is 
plotted against the Initial concentration of nitric oxide. The propylene 
amcentratlon is held constant for this series of experiments. It can 
be seen that, at first, the osmie increases direct^ with increasing 
oxides of nitrogen^ At about 1*2 pjm of nitrogen ^des, ths maximum 
amount of osone is generated and further increases in nitrogen oxides 
result in progressive decreases in ^e maTimiim osone concentration. 
While this curve is for a Ifqrdrocarbon concentration sll^^ higher 
than found in the atoosphere, it demonstrates that the photochemical 
smog system can provide exceptions to the "ewmion Senas'^ concept that 
the effects of air pollution are always decrease by the reduetlcm In 
emissions of air pollutants Involved. 

The technical problems of developing an'i^ implementing control measures 
for either hydrocarbons or nitrogen oxides on upfwards of ten million 
motor vehicles la California preeliule any npld or Inea^mslve solution* 
If controls are ai^ed only to new ears, over a decade will be required 
to displace most of the uncontrolled vehiaes and thenby^ realise the 
benefits of the control measures on the aiMent air qiiality. This 
makes it necessax7 to consider not oiOy the result of the final oontxol 
levels on smog, but also the result of various intexmediate d^rees 
of control of both nitrogra oxides and hydrocarbcms* 

In the following pages it Is assumed that eontzol of hydrocaxten emim* 
slons from motor vehicles wiU be acoompllshed over a period of years. 
The result of supplemental contiol of nitrogen oxides on each of the 
following smog effects is postulatedt 
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VARIATION OF MAXIMUM OZONE CONCENTRATION 
WITH NITRIC OXIDE CONCENTRATION 
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SOURCE: DATA FROM IRRAOIATION EXPERIHEHTS IN STATE OF CALIFORMIA 
DEPARTMENT OF PUILIC HEALTH LABORATORY, I 964 

FIGURE' 1 
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1. Osons fomatlon in the atmoaphero. 



2. ^« Irritation, including tha fomation of praaantly ident- 
ified qre irritanta ( fomaldehjrde and perosgraeetyl nitrate). 

3. Viaibility reduction. 

4. Vegetation damage. 

5. Nitrogen dioxide fomation in the ataoaphere. 



DISCUSSION OF PHOTOCHEMICAL mcnCMS 

Photoehmical air pollution ia caused by the ataosphex^c reaction of 
organic substances and nitrogen dioxide under the influence of sun- 
light. A aajor role of nitrogen dioxide is to absorb the energy tiom 
sunlight that is required for the reaction to proceed. 

In the abaence of organic natter, the nitrogen dioxide provides a ^to- 
-^ehesieal ■eehanlsn to convert solar me^gy to heat mergy with little 
SBOg-foxaing consequence, the li^ortant reactions being: 

1. VO2 * ultraviolet light ' m * 0 

2. 0 * p2 * collision body » 0^ * collision body * 24 keal 

3. O3 ♦ 10 - O2 ♦ I»2 ♦ 48 keal 

Ihe presence of r«ictive organic ooi^jounds greatly alters the balance 
of the above reaetionr. while introducing manj new reactions. Under 
these conditions nitric oxide, the principal sUte in which nitrogm 
oxides are diachaz^ged into the atmosphere, is converted to idtxogen 
dioxide and complex reactions take place between oxygm at<»is, osone, 
organic eaipounds, and nitrogen dioxide. Ozone and other pmbiets 
accumulate in the systoa and the typical photochemical smog effects are 
produced. 

IXiring a typical asiog day ^e unreaeted pollutants, hydrocarbons, and 
oxides of nitrogen, are usually at a maximum by 8:00 aja. because of 
peak emissions from motor violet and because of meteorological condi- 
tions that restrict dilution. Nith increased sunlight intensity, the 
x«aetion begins. Hydrocarbons are eoagimed and nitric oxide disappear* 
with Attendant and parallel appearance bf^nitrogen dioxide. The nitw- 
gen dioxide reaches a maxin and then decreases with the ooneurrcot 
development of osone. It is notSMorthy that nitric ocide and oimie 
co-exist only at very low concentrations in the atmosphere. The devel- 
opment of oione, therefore, attests to the nearly oe^slete eoavei«ien 
of nitric oxide to nitrogen dioxide. Figure 2 shttwt these typical 
events. The oxidant trace ^wn i^ largely an index of osone concen- 
tration. 
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DIURNAL VARIATION 
HOURLY AVERAGE CONCtNTR AT ION FOR EACH HOUR 
FOR FIVt-^NTAMiNANTS 
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FIGURE 2 



Sone of the products formed during the course of the reaction have 
been identified. One important product, oaone, has already been men- 
tioned. Others include peroxyacyl nitrates, fomaldehyde, acrolein, 
and other oxygenated compounds. Trfell known effects of the photochem- 
ical reactions include irritation to the eyes and respiratory systdB, 
reduced visibility, and damage to vegetation. 



INTERPRETATION OF LABORATORY FMDIMGS 

Host of the information on the photochemical anog reactions has been 
obtained from laboratory experiments. Such experiments were conducted 
with various controlled concwitrations and ratios of hydrocarbons and 
nitric oxide to simulate the effect o^^differsot degrees of oontwl 
of silver reaetant. The State Department of Public Health studies 
riave made use of im 1000 cu. ft. irradiation chambers. In these 
large chambers, as well as in those of other agencies, reactions have 
occi'rred and effects have been produced which closely parallel the out- 
door snoggy atmosphere. Nevertheless, a direct extrapol^ion of the 
test chamber data to the effects found in the atmosphere^rescnts many 
difficulties. 

Oae of the effects most difficult to extrapolate from irradiation cham- 
bers to the atmosphere is ^e irritation. In the absence^ of ^ttfinitive 
cause and effect relationships between the reaction products and tl^e 
^e irritation effects, subjective responses of human st^Jects are 
utilized for laboratory evaluations. The diff«r«t ejqwsore situatlone, 
reaction condiUons, and psyehologicB^ influM^es require that S fimawhst 
higher contaminant levels be emp^yed in ^e chamber to produce meas- 
urable effects than appear to be necessary in the atmosphero. Another 
difficulty resides in the selection of test panels which are represente- 
tive of the general popula^n. There may be smm uncertainty in extrap- 
olating effects from one concentration level to another tor a erstm 
which is complicated by many competing reactions. 

Problsms also pertain to extrapolation of visibility findings. The 
visibility reduction cannot be observed in the labontory under condi- 
tions simulating the ambient atmosphere and the effect must be assessed 
)37 physical or optical aeasurmMntt of the contrl^i*;^ aerosols. The 
aeroaols exist in differmt sixes, and interpretation involves correla- 
tions between reduced visibility and aerosol sise and na^r. Labon- 
tory studies on reduced visibility are also compUcated by the role of 
an ii^rtant third variable, sulAir dioxide. The role of sulf^ir dioxide 
has not been clearly estabUsbed, but som experiments have shown this 
compound to be a factor in aerosol production. 

* * 

Other difficulties arise in reUtiiig laboratoxy eKperimmteto the atmos- 
phere because the atabsphere is a changing «yst«i influmeed by Missions 
from aaiqr sources, changing sunlight intensity, and variable t«pero^ 
tures. Hind and inversion conditions cause changes in the eoncsntra- 
tions of pollutants from day to day and evm from hour to hour. Ifeny 
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of the laborfttory studies were perforaed under statl'e conditions where 
predetermined concentrations of reactants are irradiated at constant 
light intensitj. Once the experinent starts, reactants are neither 
■ added nor removed from the ^stem. Dynamic laboratory experiments 
also have Uj&itations. Here' the reactants are canded in an air 
stream which displaces the chamber cont«its at a fixed rate. Natural 
conditions are someniihat different from those prevailing in either the 
static or dynamic studies. 

An important factor in interpretation of all chamber studies is the 
difficulty in eliminating inadvertent contamination of the chamber air 
so that the measured effects are due solely to the reactant charges. 
This is particularly difficult at realistically low reactant concentra- 
tions, where effects developed during blank runs may be as pronounced 
as those developed during tests with added reactants. 



LAbORATORY STUDIES 

The first laboratory studies which led to the present understanding of 
photochenieal 8aK>g were performed fcy A. J. Haagen-aBit(2) in association 
with the U>3 Angeles County Air Pollution Control District. His early 
findings have been confixmed aM extmded throu^ further studies fay 
a number of other investigators r^res«iting the laboratories of Stanford 
Research Institute, Franklin Institute, General Motors Corporation, 
U.S. Public Health Service, Los Angeles CouiAy Air Pollution Control 
District, U.S. Bureau of Nines, University of California, and California 
Department of Public Health. The various studies have not always been 
strictly eomparablo ^ther in facilities and «qpeidmental design used 
to simulate the ataospherie photoehoidcal reaction or in the procedures 
used to characterize the sstog produced. Hence, these studies have pro> 
duced results that agree in many areas but disagree in others. Con- 
clusions drawn from these Investigations concerning control of j^to- 
chenical air pollution, therefore, are not alw^qrs identical. As a 
result, scientists have made different interpretations of the «q>eri- 
mental data relating to thm need for nitrogen oxides ccmtrol. The 
extremes of opinion range from the assertion that nitrogen oxides 
control is necessary to reduce mog effects to the claim that control 
of nitrogen oxides is likely to make asog worse lat a given hydroeaiton 
concentration. 

The following conclusions are generally accepted by all investigators: 

1. Both hydro carina a^id nitrogen oxides are essential to the 
photochemical aog reaeUon. 

2. Highly effective control of either or both contaminants «ill 
be effective in reducing all manifestations of photochemical 

^ «»g. 
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The magnitude of many nog effects as produced in laboratory 
experlaante is not directly proportional to the concentrations 
of either hydrocarbons or nitrogen oxides considered separately. 
For a specific level of either contaminant there is a limited 
range of concentrations over which the other may vary and still 
produce n a ximi u n effect. Depending upon the relative concent. 
tions of organics and nitrogen ojddes, one or the other can 
exhibit an inhibitory effect on the progress of the reactions 
and the product yields. The inhibitory effect of excess hydro- 
carbons* however* -is not as marked as that of nitric oxide. 

Controlling oxides of nitrogen is effecUve in reducing the peak 
nitrogen dioxide eoneantration and its peraistenee in the atmos- 
phere. 

In some speeille areas, findings and oondusions of some of the impor- 
tant investigations appear to contradict those of others. Snmples of 
these findings and oondusions are simnarised in the following para- 
graphs: 

The appearance of eye irritation has been^ related to the arithmetic 
product of the ooncmtration of hydrocarbons and nitrogen oxides. v 3) 
This relationship is illustrated for. ozone fomat^n in Figure 3, taken 
from ui early paper presented by Haagen-Sait and Fox.U) This moddi 
of the systaa leads to the prediction that the benefits of control of 
both eoBponents are additive and that control of either at any level 
will result in improvwent in the nog effects. At realistic atmos- 
pheric cMcentrations of reaetants the model illustrated in Figure 3 
has been applied to aye irritotion as wall as to oaone foiMti#n. The 
inhibitory effect of exeesa of reaetants was observed by Dr. Haagen- 
anit, but only at reaetant oonc^rations somidiat above ambient levels, 

fn.analyses of results from several experiments. It has been oon- 
dudedv y) that the contaminant ratio effect is indeed Important at 
atmospheric levels; that moderate hydrocarbon control will result in 
increased ^e irritation before further control b«^s to be beneficial; 
and that a noticeable reduction in qre irritation effects can be 
achieved earlier and maintained longer by first controlling the oxides 
of nitrogen. These condusiotts are based in part on the interpretation 
of results obtained in a study employing mx*<i wdiaust perfoiaed by the 
Los Angdes County Air Pollution Control Qistriet under oontx«et to 
the Gallfomia Department of Public Hedtfa, and in part on the inter- 
pretation of other studies by that District, the U,S. Pablle Hedth 
Service, and SUnford fieseareb Institute. 

The conclusions Usted above have not been oonflrmed fay statistical 
andysea of the^same data using a computer. From one set of andyses 
using eonpttter techniq[ues, it was oondudsd that thsre was little 
support in the data (those discussed in the previous paragraph} for 
action that might interfere with implamenUtlon of hydrocarbon eontnl 
as it is now proeseding in the SUte of Callfoxnia. It was found also 
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OZONE FORMATION WITH 
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that the postulate of contours similar to those shown In Figure 3 
did not describe results from chamber studies* 

The State Department of Public Health has also made a computer 
analysis of the d.ta produced in the contract study by the Los 
Angeles County Air Pollution Control District. The same general 
trends were obtained as by the District in the eye irritation 
response to hydrocarbon and nitric oxide control* However, the 
multiple correlation coefficient was only 0*67> Ijidicating that 
results are rtot highly significant and should be used with caution 
for predicting absolute effects of given levels of control. The 
ozone and formaldehyde yields as Joint functions of hydrocarbon and 
nitrogen oxides concentrations were only slightly more significant • 
multiple correlation coefflcioits of 0.72 In both instances* A mul- 
tlp^ correlation coefficient of 0.99 was obtained^ however^ for the 
— filtrogen dioxide time-concentration data. These data Indicate that the 
control of nitric oxide would be a more effective way of decreasing 
nitrogen dioxide exposure than %NOuld be control of hydrocarbons* 

The U.S. Public Health Service^?) has studied contaminant concentra- 
tions that simulated 75 percent control of both hydrocarbons and nitric 
oxide in auto ejdiaust. Their results indicate that any d^ree of hfdxx^ 
carbon control would cause a reduction In ^e Indtatlonj formaldehyde^ 
ozone^ and plant damage. At high nitric oxide levels^ moderate hydros- 
carbon control would cause increased time-concentrations of nitrogen 
dioxide# The nitrogen oxides level for maximum eye irritation was about 
1 ppm for all hydrocarbon levels. (Decreases from 1 ppm of nitrogen 
• oxides showed less ^e irritation.) Similar decreases^ however^ were 
not observed far fonnaldriiyde ooncmtrations. Alao^ 75 percent control 
of nitric oxide at any hydrocarbon level Increased the ozone concentra- 
tion. The inhibitory effect of nitric oxide was also evident in the 
plant damage phenomenon. As the nitric oxide concentration reached the 
hydrocarbon concentration^ plant damage disappeared^ Any degree of 
nitric oxide eei^rol was found to be effective in reducing the time- 
concentration of nltrogm dioxide. 

In a study of hydrocarbon control on the plant damaging properties of 
irradiated auto ochaust f rw an automobllS^ equipped with an afterburner^ 
it was concluded that control of hydrocarbon alone wcml^ reduce ^e 
Irritation^ but that nitrogen dlo^e and pertiaps other intemedlate 
reacUon products produced a new type of |dant daaage«(®) 

The inhibitory effect of ^cess nitric oxide on jk number of chemical 
manifestations of the photochemical system, including hydrocarbon reac- 
tion rates, osone fcraation rate, and peroxyaeetyl nitrate concoitra- 
tlon, was doonstrated in the studlee of Glasson and Tkieeda7.(9) An 
example of their findings is shown in Figure 4* As the hydrocarbon 
concentrp't.lon is lowered, the oxides of^^Xtlogm concentration at 
which m a x imum manifestation occurs is also lowered. These findings 
and a review of published data appear to be the bases for Uie statement 
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'*i£xl3ting 0)q>erijnental evidence not only fails to support this assu&p~ 
tlon (that nltrog«n oxides control reduce amog affects) but 
strongly suggests that the reluetlon in oxides of nitrogen contemplated 
wiH increase rather than decrease both smog incidence and intensity." 
This stateaent was in the testimony given by a representative of th^ 
AutoBobile Manufacturers Associatior, at a public hearing of the Cali- 
fornia Departaent of Public Health on a proposal for oxides of nitro- 
gen control. 

The California Departaent of Public Health has conducted chaaber 
irradiation studies to determine the need for oxides of nitrogen and 
hydrocarbon control. In studies of propylene-nitrle oxide aixtures, 
eye Irritation was found to be significantly dependent only on the 
hydrocarbon level. An optiaua hydroearboo-nitrie oxide ratio mss 
suggested, bi^ the relationship between this ratio and egre irritation 
was not finnly established* Forma}.dehyde production and hydrocarbon 
reaction rates were found to be significantly dependent only on hydxt>- 
carbon levels. The fonaldehis^e results an iUnstrated in Figure 5. 
Ozone yield^me^pendent on both nitric oxide rad hydroearbra wiUi 
strong evidence of an optima ratio. 

Dep«idu3g upon the initial levels of propylene and oxides of nittogoa, 
the control of ^ther could res ult in an iacr^se or a decrease in the 
ozone yield. The hydroearbon-nitrie-o:^e ratio for optiaiai yield was 
in the vicinity of 2.5 to r~Eut was not sharply defined. There was 
scae indication that the optlaua ratio deereasss as the l^droearbcm 
levels are lowered. ia.tro|^ dioxUto tiaM-eeneentra^Ums wm« invers^ 
proportional to the bydroearbon level and directly proportions^ the 
nitric oxide level. Mo evidence of dependence on an eptiauB ratio was 
apparent. 

Ths_U,S. PubUc Health Service is InTestlgatiog the propylene-nitric 
oxide systflB in the saae eoneentration ranges Mployed in ^e California 
Departaent of Public Health study. The aqperiattts are being conducted 
under both static Md dyn^Mc irradiation ^laaber conditions and their 
preliainaz7 results have oe« ro— mlcated Drivately.ClO) 

Although soae differences exist between the U.S. Piiblle Health Servicf ~^ 
and the Califomia D^pai^aent of Publie Health propylcBe-niUle oxide 
study results, in general the two sladies reasraabay well. Beth 
studies would sees to indicate that a sahetantlal rednetiSB in nitio- 
gan oadde lould be needed to obtain mmt\ao»X ii^trovoMefc in effects 
froa photochenical air pdiation, begord that prodneed by a larie 
re(hietiM of hardroearbons alone. 

moxcnoN cff sfects woi caasoL 

A review of the conclusion of the various investisaters ibows that the 
understanding of the ae^ianiai ef the photoehadeal reaction is not 
sufficiently precise to eoi^ uajyenal agreaunt on the benefits to 
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. . expected from nitric oxide control. A consistentJtheme, however, 
runs through all of the studies which permits predictions of some 
effects* 

« 

At a given hydrocarbon level, the severity of siaog first increases 
and then decreases aa nitric oxide concentration is increased above 
zero. The nitric oxide concentration which produces the most severe 
smog increases vdth hydrocarbon concentration. The converse of this 
statement is also true but the point^f inflexion takes l<«ger to 
reach as the hydrocarbon ooncoitration increases; the inhibitory 
effect of excessive hydro carbon is not as narked at that of nitric 
oxide. 

Although the result of a given degree of contxol in the atao^ere 
cannot be conclusively desionstrated, the effect of nitrogen oxides 
control on each of the known smog effects is ^lostulated as follows. 



OZONE - 

The inhibitory properties of both nitric oxide and hydrocart>on are 
readily apparent in the ozone paraneter. The inhibitory effect of 
excess nitric oxide is aore striking than that of excess hydrocar- 
bons. 

NaxiwB ozone concentrati o n s ar e pl otted as ftuwti^ns of hydrocarbon 
eoneentration «nd nitric oidde ooneentratien for two iiiqsortmit studies 
in Fibres 6 Md 7. The series shown in figoM 6, perfoned in a 
dynamic irradiation aystea, indicates that reduction of nitric oxfde 
down to 0^25 ppm would result in increased ozone concentration. The 
series stem in Figure 7, run under static conditions, indicates tiiet 
ozone Tevels would be reduced by nitric osdde control, at least whoi 
hydrocarbon levels are fairljr high. 

It is apparent that these two studies yield a>ntr9dictory conclusions 
on the trend of oxidant concentrations with decreasing nitric osdde 
concentrations. Most other studiee show that deczvasing nitric oxide 
to some optlnuB ratio results In increased ozone (see Figure l;. 
F^irther decreases in nitric oxide remat in a corresponding deeraase 
in ozone. The optiawn l^drocailjon-nitric oxide ratio varied widely 
for the different e]q)eriBeB<»l iQrstflis that have been eBq)loyed. 

A substantial reduction in hydrocazten levels will result in lower 
ozone coneentratinu, FbUdi^ sabstantiia hydrocarbon control, 
however, it is poseible that reducing nitric oxide will n«gate some 
of the bened.ts of hydrocarbon control untU a high degree of nitric 
oxide cMitrol is adiiei^. 
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ERIC 



]«£ IKRITATIOM 



The variation of eye irritation with nitrogen oxides concentrations 
has been studied in the rang e of aabient air concentrations in ti« 
experiaenUl series.oKT; Both studies show an optiaai nitric oxide 
concentratio n for wa x lwi a agre iiritatlon and indicate that progrea- 
sive reductions of nitrogen oxides below the level of 1 pps will 
resul^ia^less ejre irritation. Dm levels of ejs irritation at the 
lowest hydrocarbon levels in these jaqperiaaDts were very near the 
blank level so the optiMm ntio is not precisely defiiied. Fhrther- 
nore, the results are not folly in accord with ehaiical ■iararaaents 
of known «ye irritants Bade in the saae and other «Q>eriMnts. 

In the chenical neasurasents^l^) ftecoBQ>any:*jag one of these series, ( 7) 
neither foival^diyde (a known eye irritant) nor total aldehydes show 
a tendency to decrease naikedly at low nitrogen oxidesAydrscarbon 
ratios. Later neasurenents Bade under siailar CMiditionsdO) show 
that the nitrogen oxides level anst be reduced to a low value before 
appreciable reduction in fonuld^yde j^eo^tiim occurs. In another 
e;iperl»«it, the production of a Imown inltant > acrolein - has 
_ l?een8h own. to tg^ffagg^^sd nAa^ioa of nitric oxide f ro» 2 ppm 
^^>iT pi«r~lBiflo nitxler^Mcide Ms Aothwr redueed to 0,1 pps, th« 
acrolein concentratimi was redaeed 50 pereeiife.Cl3) 

The appearand of these aldehydes in the pbotoeh«HieBl saeg systMi 
does not pareOlel tAat of ozon«. ISieir fonwtlon paxwUds the 
disi^[^)earaiiee of the Iqfdroearfaens lAi^ oeeors mt a Msdan x«t« 
shortly- after the disappeanu^e of nltrie oxide. She eeaecitratiMi 
of aldetqrdes J.a r^atijr^ i»eDsiUvs to Angas in nitrie esdOm 
concentratitm and little effect fna majUik^ but « Mjor eontxol of 
nitric oxide is ei^eeted. 1^ tiie saae i/gkm nitrie 03^ control is 
not expected to cans* feiaatioB of Bsre aldehydas. Iherv is no evi- 
dence that ejKes^ve eoneentraClons of hydroearbMia i^ibit the fbxaa- 
tion of aldehydra. 

The class of ooapounds known as perojgra^l nitrates (PAM) has besn_ ^ 
reported to be ii?>ortcnt phytotoxi^i^ eye irritants. Th^ are 
produced in Imt coneentnitioBS in the ataosp^fv. Investigations by 
St^emvU; have dosonstriM that tte appeasiBes of fM parallsila 
the appear^e of ozoee. Glassy and llMSdayCf) hava fomi that PAN 
varies tdth nltrie oxide emesntrattot ia the saas wur that tha eox^ 
responding rate of osoM foauU^ d^ (saa Flgipe ij. 

It appears that soae eye irritaaU ara relativaXy insaHMitiva to 
changes ixk nitric oxlda conesntmtieo and that etbara be strongly 
affeetsd by variatloii in nil^ eoiie«»tratleii, tdth- ^a oa a aa ee d 

dependence on ratio. ^ optJaoi ratio £&r ateo^arie owidltloiia 
cannot be defined fras axlstijig wmme^moM data. It can bo om- 
cluded that eye irrltatloii iW be redaeed by oraitrBliiag l^droearbona 
lOone. If a substantial oontiol of hydro^earbona la a^lavad, it la 
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not clear that subsequent control of nitric oxide Mould further 
' decrease eye irritation unless a very high degree of control is 
also aeeo^>li8hed. 



VISIfimTX 

There is little infozaation relating to aerosol growth as a function 
of hydroeaxinn and nitric oxide oontrol. The involvaamt of sulfur 
dioxide as a third variable in the photoeheaieal generation of aerasols 
eoqilieates the ptofalas of predieting the effects to be «aq)ectad fzoa 
nitric oxide control. Aerosol fomation in oog parallels or follom 
that of ocone and PAH, and hydxoearbon control alone is npected to 
reduce aerosol fonuttion. Additional benefit aay not be derived from 
subsequent nitric oxide control until a hi^ degrao of control is 
reached. 



VfiGfilATIOli OAMAfS 

PtetoehMical air poUi^ion da a^e was first reeegi^sod by Middleton 
et alv-M»; in 1944 A ooivr^ttsiva rmrimi of this ty|>e of daaace «as 
■ade by )liddleton(15) in 1961. Sxtensiva w>ik at the ttiiversity of 
California at Mvanida has shom titat osme and peios^aeatyl nitrato 
are aajor eoaponents which have ptaytotoxle potaatial. 

^^eoteervatiraC?) tiiat fiant dMago doM^t oeoo* waA&p hydzocarten- 
nitric oxido oe^t^oau, i*«ro the fona^bra of oima^is eo^otely 
inhibited, is conaittaBt with tbmm ^adfn^. It is^^med that tha 
oodeil for oaono mi pMoi^a^l^i^rata xmmpmtmt to nitric osida ora- 
tzol as discoased in the seetiona ^ osmo «ii eye irritation is 
appropriata also to tha qiMstion of vagatatSen dMga* 



MITBO^ DIQXUffi MAXmUM AND tUlB-G(»iCEIiT&4G0M LEVELS 

Nitr^m dioxide to tha Maoapben rMulta twm tha pkato^xidatim and 
themal oxidation of tha nitric oxida «id,tt«d to the atao^ma. Tha 
paak etmceetratiea of nitvegan dioxide, thenf^, ia prisMxUy datar- 
■ined by tha notnt of nitzle oxida eaittad to tha aiwspbin«. This 
aimglM rala t l enah^ ia eaq^lieatad, hoimir^ tha filativa iaportanee 
of the photo- and thazati. oJ^idatiM rMaa Md hgr the ehaiical raaetiona 
involviqg i^tn^m dioxida. 1 Tha rsaeti^ «hi^ emsyaa aitiogn 
dioxide aay ba dii^ad into %m claaaaa accofdiag to ^ praa«ea or 
ahasnea of nitxle adrfa. Ifaila aittie ojtfda is praswt, only a dwU 
fraeti^ of tha nitzegan diixUa ia consuaid * %as, to staU^ ^iMbar 
oqpariawta, tha hitro^ dJ^dda c»eat'>rsli^ appzoaehas tha 
init-ial nitric oadda laval. %U^..^ tte orapnsSea of aitrlc oxida 
to nitregsn dloxido» ethw raaeti^ baeeaa pessiU.a« nltiastaly 0^ 
all of tha mtzogaa diojdda if anm^iBt oi^iie aatarial ia 
presaat. 



When dilution takes place during the photochemical reactions, as in 
• the atmosphere, the rate of nitric oxide oxidation will affect the 
magnitude of the nitrogen dioxide peak. The faster the nitric oxide 
is converted to nitrogen dioxide, the less dilution occurs in the 
interim and the greater the agreement between initial nitric oxide 
level and peak nitrogen dioxide concentration. It is also conceive 
able that there is an optimal reaction rate at which maxiaun nitrogen 
dioxide will obtain in the atmosphere. As nitric oxide continues — 
to be emitted to the ataosjdiere, provided dilution forces are weak, 
a lender period taken to develop the peak will incorporate more of the 
nitric oxide eidssioBs to the ataosphere in that peak and it will be 
higher. 

Although the nitrogen dioxide peak h^ght is limited by the nitric 
oxide concentration, the photochemical rate of its foimation is deter- 
mined hy the concmtration of hydrocarbons and other organics in the 
atmosphere. Control of these ingredients will t^d to slow th9 rate 
at which nitric oxide xs oocvertad to nitrogen dioxide, allowiag the 
dilution forces of the atmosphere to i,>J{e a greater toll qf both the' 
nitric oxide and nitrogen dioxide, thus reducing the nitxog« dioxide 
peak hei^. The o(»plete elimination of organies will not la-event ' 
the themal oxidation from proce«ling, howevo*, gai al^ugfi the rate 
of this reaction is rrf^tively slow at lam ooneetitrations, it increases 
according to the square of the nitric oxide concentration. In sunlight, 
an eqjiilibrim is established which limits the vxtmt of the thermal 
oonvsrsion, but the ccaplete absence of hydrocarbon is necessary for 
this effeet to bee/mm significant, in spite of the mitigating effect 
of these other iniloe&ees control of the Menltiiiie of Uie nitrogen 
dioxide peak is most directly dependvit optm coBtral of nltrtc oxide 
ealssions* 

More important physiologicaliy th^ the magnitude of the nltrogea 
dioxide peak 's the nitrog«i dioxide dosage - a Amctlon not only of 
concentration but also of time. Meteorological and photochemical 
factors which influence the rate at which the nitrogen dioxide peak 
is reached also regulate the rate at which it disappears. Since 
reducing the hydrocarbon concentration results In a reduction of 
tkese rates, modw&te control of hydrocarbon is expected to result in 
an increase dosage of nitrogen dioi^de. 

Control of nitric oxide will not only decrease the ma^tude of the 
nitrogen dioxide coneentratim but also Its perslstvice in the atmos- 
phere. — 



C(»CLUSION 

Procise quantitative predictions cannot be made about the changes in 
the photochemical smog effects that wwild result from various degrees 
of control of either ttydncarbons or nitrogen Mddes trm motor 
vehicles. Although the findings of studies are not alwtys consistent. 



"«m»ld wofcrtj," itn^f L^ 
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Chapter K 
BIOLOGIC EFFECTS OF NITROGEN DIOXIDE 

. / 

Nitrogen dioxide^ iihich is azopng the most toxic of the oxides of nitro- 
gen^ is an important ocnaponent in the complex of chemicals producing 
photochemical sn^g« It doe£ not occur in coonunity air as an isolated 
contaminant. If its potential han&fulness is to be assessed it is 
essential to understand its specific biologic effects. This revlmi 
is concerned with li02 as if it were the single toxicant polluting 
the air breathed by a coniunity and vAat standards for comBamity air 
would be appropriate with this assumption and current knowledge. 

Standards for nitric oxide are not being considered at this time. 
Although nitric oxide has been shown to be one-fourth to one-f^.fth as 
toxic as nitrogen dioxide in rats (Gray et al, 1952) ^ there ha^e be&i 
no knovci demonstrable cases of human nitric oxide poisoning. Hats 
ixdialing nitric oxide for as long ^ nine days^ at concentrations of 
10 ppm^ failed to exceed a detectable level of henoglobin-tiitriLC oxide 
complex (Sander et al, 1962). The electron spin resonance method for 
detecting such ccxmplexea would detect as little as one-tenth percent 
of the complex in idwle blood. Decisions to set air quality standards 
for nitric oxide must await further evidwce of toxicity of this gasT^ 

mmi OF LITSRATUfiS 



Several revlewe of the literature on nitrogen dioxide h&ve been pre- 
pared in recent ytars^ including those of Goldsmith (19^2)^ the Public 
Health Service (19^)« Buell (1965)^ and Stokinger (1965). It seme 
unnecessary^ therefore, to reeunanarize In this chapter aH literature 
on the subject in either narrative or chronologic fom. Instead, 
material has been tabulated in a fashion lAich penults systematic con- 
sideration of effects that might be expected fr^ ^sqpoeure to various 
concentrations shown in ascending order as in Table I. A list of 
references, in alphabetical order, is at the etkA of this chapter^ 

The prov«i effec^a^o^^llO^ on man and lower animals are confined almost 
entii^^ to the rbspiratory tract. Ifith In^easlng dosage, acute 
eff^s arr expressed as octer pere^tion, nasal irritation, discomfort 
on breathing, acute residratory distress, pulmonary edMa, and death. 
Nitrc^en dioxide's relatively low solubility, hoii^er, pmdts pen^ 
tration into the lower respiratory tract. Delved or chronic pulmon- 
ary changes may occur from high but sublethal concentratiMis and 
repeated or continuous esqomres of suffieisnt magnitucto. 

£FF£C13 GH MAM 

Effects on mm will be considered first* The odor of nitrogen dioxide 
is detectMde vels idiieh could occur in atmospheric pollutionf 1 t> 
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3 ppn (parts per million) has been deaonstrated to be the thres- 
*«ld for this effect. Nasal irritation and eye irritation, however, 
do not usually occur until levels are reached well above those 
expected in atnospheric pollution. In one stud;-, even at 13 ppn* 
only three out of eight vol\mte«rs complained of eye irritation, 
although seven tut of «ight had nasal irritatioi. . Concentrations 
iihich have caus« death from acute pulmonary ed«a in Ban have been 
poorl^ documented, but ijidirect evidence indicates they were in 
excess of 100 ppo. The concaatrations which load to delayad effects, 
such as bron^iolitic fibrosa obliterans, ere also far too high for 
reltvance to standards (Lowry & Schuman, 1^6). There is little in 
the literature which verifies pulnona^ effects in "an other Jhan 
transiar^ discomfort at dbncentrations below 50 ppm. The single 
report suggesting such, effects (Vigdortschi* et al., 1937) cites 
not only emphysema Iw multiple symptoms, signs, and hMatologic and 
bioch«ni(^ changes in workers inhaling as little as 2.6 ppi for sev^ 
erttl years; however, the report does not contain any diagnostic cri- 
teria or data that would peimit evaluation. .Reports which indicate 
an ab!i«ce of effects in individuals inhaling up to 20 ppi# or 30-35 
Kffl, are similarly lacking in data or assurances as to the actual 
concaitrations of NO2 encountered. 



EFFECT CM AJOMALS 

It is obvious that experisoital and epidm^logic data on man are 
extremely limited in the low concentrations like3^ to be found in 
ccBSounity air. At the presoit time, therefore, the biological basis 
:or estimating levels at which effects may occur for VO2 sbxbI depend 
ot; Animal studies. Since the irritant qualities of tho gas and the 
locus of action are tho same, cautious application of thess data to 
man is justified despite the quantitative differences knowi to exist 
in the responses of several animal species. Concentrations of KOg 
over 200 ppm are fatal to most species even after single brief 
exposure - for example 5 to 15 mijiutes. Concentrations betwe« 100 
and 2C0 ppm, continued for 3O to 60 minutes, were alsr fatal to most 
species, as were concentrations of 50 ppm or more continued up to 
8 hours. Continuous exposures of 25 p^ were fatal to rats but inter- 
mittent exposures (6 hour/day) were not. Even concwitrations below 
5 ppm, if maintained continuously, have led to increased mortality 
in rats and micei while intendttent exposures were not associated 
with deaths until concentrations reached 35 to 50 Pin. Tw facts 
are obvious in reviewing the data on lethal effects. On* is that 
high concaitrations for short periods of time have a greater relative 
effect in terms of death or acute pulmonary damag* than do lower eo^ 
centrations over longer periods of time (Gray, 1959; Carson et al., 
1962} Mine et al., 1964). The second is that inteimittent eaqposures 
with intervening recovery periods are less hamful to e3q>erimental 
animals thm continuous exposures. Of course, neither continuous nor 
Inteiaittent eaqposures are directly cwaparable to the cyclic and var- 
iable exposures encountered in eamnity air* 
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SuBnariwition of the animal studies aimod at demonstrating subtle, 
chronic, or delayed effects resulting from contiimed or repeated 
exposures to low levels of NO2 is complicated by the great variety 
of species, exposure patterns, and timing of observations. In 
general, ejqsosures to between 10 and 20 ppn of IIO2 produces definite 
and persistent pachologic changes in the lungs. Between 5 and 10 
ppm, results are equivocal, with aniuals continuously exposed sometiass 
•eadiibiting changes in bronchial ep.ltheliuffl; but intermittent esqposures 
yielded negative findings, Balcbum at al. haye shown that exposure 
of guinea pigs to as little as 5 ppn producesU; minor pulmonary 
changes and^*) the development of circulating substances capable of 
agglutinating normal lung proteins. 

Hinor changes in the bronchial epithelium have also described 
by Freemen and Haydon in rats wtposed continuously to 4 PI» for 20 
weeks. Although Mitina described distinct patnological changes in 
raWdts exposed to 2.8 ppm and 1,4 ppm inteimittently for 15 to 17 
weeks, other competent wot^cers have not reported such changes in an;.- 
mals exDdsed to similar and higher ccncMtPations. A toxic polieniial 
13 coDfiraed by the d«<«r^t ration by Buell (1965) on the ability of 
NO2 to danature what was believed to be eollagtfi and elastin in rabbit 
acTisures in vivo, the Ir-erease in oxygen consuaqjtion of si^een and 
l„7er homogenates reported by Bucklt/ and Balchum (1965), and the vork 
of Pace lowing effects on tissue cultures. It is impossibls to trans- 
late xhese directly into stai^rds at this tine. 

Since NO^ is one of many toxicants present in coannnity air, it is 
^poftixkt that it rsBaln at or beiow the lowest level at iM.eh one 
would predict a miniaal effect on the health of the most ra8eepiiU.e 
individuals in ths co«ainity. The most sensitive indicator so far 
discovertd for a biologic effect of NO2 is the protection of increased 
susceptibility to infection by certain aerosolited bacteria. By this 
technique, Ehrlich and Purvis have demonstrated increased mortality 
in mice from Klebsiella pneMmoniae (at approximately LD50) following 
2 noura of ejqwsure to 3.5 ppa NO2, and following 3 months* isoatin- 
uous exposure to 0.5 PF«^ NO2. However, this was not found for all 
strains of mice and hamstew. Some recpiired over 2 hours ei^sure at 
25 to 30 ppft of Ii02. Translation of this effect to man and other 
infectious agents can be only speculative at this tian. The experi- 
ments cited were deliberately desiffied to create ths most sensitive 
possible ingestion. Care was taken not to introduce any direct 
effect of the gas upon the microorganiaas which might rethxee the effec- 
tive dosags. Meverth^ess, the wozk appears ij^rtant in pointing 
toward possible interrelationships betwe«i air pollutants and altered 
responses to infectious disease. A changing and poorly aefined group 
of susceptible individuals would be present in any ooanmlty, repre- 
senting those at the critical point of dosage and ianunity to still 
unspecified infectious diseasM. In this group a minor alteration in 
local defensive mechaniaow night be critical in deteiaining the course 
of an infection. The presenes or absence of appropriate organias 
might well detemine the consequences in teiM of pneuaonia or 
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bronchiolitis which might follow a aor« severe axpoeure to an irri- 
tant gas such as 1102. Thus, on the basis of this preliidijary explora- 
tion and tfiough the evidence is scanty, the exposure of large popu^ 
lations. to continued ooncwitratiors of li02 exceeding 0.5 pfm could 
not be Justified; nor could intemittent exposures above 3.5 ppn. 

There 5» no evidence of any carcinogenic effects of NO2 In Man, and 
that -nl« .1 axperiaents is not convincing, ihe data of Magner 
et al .J.'' /), in which the tiae of appearance of tumors in a tuaoi'* 
susceptible strain oi' nice was questionably accelerated (althouglTthe 
total number over 18 aonths was not affected)^ involved too few aniaals 
to be statistically significant and cannot be regarded as proof of such 
activity unless repeated. The carcinogenic effect, therefore, does 
not appear relevant at this time to the setting of air quality stand- 
ards* 

The role of particulates tdiieh are always present in the a-^sphere 
is worthy of special consideration. Bor«i has exposed alee to NOo 
adsorbed on carbon particles with resultaiA focal destructi'?^ lesions. 
This woA, like the still unpuULished woxic.of Tyler usiag W32 on cai^ 
bon particulates in horses, say alter present views in r^ard to 
acceptable ooneentz^tions of pollutants «Aen there are ooneuri^t 
particulates iMcfa say ooncoitrate chflBleal action in vulneraUe points 
of Ute lung. So far these techniques have not b««n api^ied in a Ban- 
ner pwnittlng their quantitative interpretotion for iir quality stand- 
ards, fioren used canton witb approximately 550 mg ot UO2 adsoi^ 
per gnm of oarbra, of which 525 ag eould be recbvered heating or 
negative pressure. It had beeo prepared by shaking carbon in a flask 
conUining IIO2 until no sore IIO2 was adsorbed, lo lonf-t«« eaqperi- 
Kenie have been carried out in which particulates have bein introduced 
into exposure chambtn during the exposure of aniaals at relatively 
low concentrations of liOg. nor Ms there been any theoretical develop- 
■wt of the predicted adsorptioa by carbon or other particles under 
such eireisMtanees. 



AFPUCASELITX OF PBSEST CATA TO AM Q0AUTX STAIDABDS 

A review of the toxicologic studies in lower aniaals aakes it ap|»areiit 
thftt IP2 when presest for brief Mposnre periods can be tolerated at 
meb higher oonc«itz«tions than when there are oontinaous espoaures 
with no opportunities for reeovesy. In atsospherle pollutim, the eov 
eent»tion of UOz is eharaeteristieally eyelie and probably eore dosely 
res«i]^es the isteiaitteBt ea^eriamtal situation. Accepting the 
principle that an asibient air quality standard ^uld be based on evi- 
dence of a bSginaiAg effect on the aost mseeptible individuals in 
the population, existing knowledge has been aj^^sed for such an 
effect. The apparent au^Mitation of certain iafeetions in aniaals 
is the nost sensitive iikU.cator so far noted, with detectable odor in 
■an being the next wowt sensitive indicator. 



Granting that •vidence is still insufficient for a definitive judg- 
ment, it at least equals that existing for many other toxic substances 
in industrial toxicology and warrants considering tentative levels 
for atmospheric NO2 fori 

a. Lcng^ continued exposure. 

b. Brief uid transient periods of expcaare. 

For long-continued exposures without periods of recovery, the average 
concentration should not eacceed the range 0.5 to 1.0 pjn. These 
values are based priinarily upon the evidence of increase mortality 
fztm aerosolized mieroorganisas after such exposures. &ieh a level 
for continuous exposure would provide a margin of safety against the 
effects, often fatal, encountered in continued exposures of lower 
anioals at levels between 4 and 5 ppa* 

For transient exposures, there is no evidence that any daaage occurs 
at levels below 3.5 pan, ev«i with susceptible soecie* and individuals. 
Accordingly, a level of 3 ppa is suggested as the maxi - Bwrn to be por- 
nltted for periods up to one hour. This is based upon (a) the evidence 
for au^entation of infection with exposures of 3.5 ppn* for f hours, 
with no Bositlve effects at 2.5 ppo tor the same period; and (bj the 
fact that this level is deteetalie as an o^r by most individuals; and 
(c) it appears low enough even if repeated at irregular intervals over 
many months not to lead to pulmonary disease. 

rne above evaluation is aadi in full oognisanee of toe fact that other 
consideration, such as plimt daaage, visibility, or combined effects 
with other air pollutaats, may be more critical than the healUi effects 
of nitiiogen dioxide alone* 



This review of information on the health effects of oxides of nitrogen 
was prepared for the State Department of Public Health by Dr. W. Claris 
Cooper, Research Occupational Physician and Dr. Irving R. Tabershaw, 
Head of the Departomt of Occupational Medicine, School of Public 
Health, University of California at Bericeley, CaUfomi*. Minor change* 
have been made to fit the revi«r into format of the report. 
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